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ABSTRACT 
Mosquitoes and ticks are vectors of several diseases that affect both 
humans and animals. Control of mosquito-borne and tick-borne diseases has 
primarily been achieved with the use of chemical insecticides/acaricides. 
However, an increase in public concern about the safety of conventional 
synthetic compounds, along with growing insecticide/acaricide resistance, has 
resulted in a need to find alternatives to control ticks and mosquitoes. In this 
dissertation I report on the functional and pharmacological characterization of a 
tyramine receptor from the southern cattle tick (Rhipicephalus microplus). 
Additionally, I report on the role of botanical essential oil terpenoids to interact 
with the southern cattle tick’s tyramine receptor. Physiological studies of the 
southern cattle tick’s tyramine receptor, using post-transcription gene silencing, 
show that the southern cattle tick’s tyramine receptor is a target that can result in 
tick mortality. The significance of these results is the reclassification of the 
southern cattle tick’s tyramine receptor (previously thought to be an octopamine 
receptor), the identification of a potentially novel target of plant terpenoids in the 
southern cattle tick and an explanation for the potential role of formamidine 
resistance, which has been reported in the southern cattle tick. Finally, I present 
the ability of essential oils to enhance the toxicity and/or knockdown of the 
synthetic pyrethroid permethrin, against two mosquito species (Aedes aegypti 
and Anopheles gambiae). The enhancement of toxicity and knockdown is similar 
to, but in many cases, better than the commercial synergist piperonyl butoxide 
(PBO). The significance of these findings includes the ability to use natural 
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control measures to replace PBO, which has been under scrutiny for non-target 
toxicological issues. 
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CHAPTER 1.  General Introduction 
Dissertation organization 
This dissertation is organized into five chapters.  Chapter 1, titled “General 
Introduction,” is a chapter providing background information for this dissertation. 
A portion of this introductory chapter is going to be published in an American 
Chemical Society (ACS) Symposium Series Book titled, “Biopesticides: State of 
the art and future opportunities”.  Chapter 2, which is titled “Identification and 
pharmacological characterization of a tyramine receptor from the southern cattle 
tick, Rhipicephalus microplus,” is a chapter that is intended to be submitted to 
Insect Biochemistry and Molecular Biology. Chapter 3, which is titled “Plant 
essential oil terpenoids interacting with the southern cattle tick’s tyramine 
receptor: A potential biopesticide target,” is a chapter that is intended to be 
submitted to the journal Chemico-Biological Interactions. Chapter 4, which is 
titled “Essential oils enhance the toxicity of permethrin against Aedes aegypti and 
Anopheles gambiae”, is a chapter that is intended to be submitted to the Journal 
of Medical Entomology. Chapter 5 is the General Conclusion chapter, providing a 
synopsis of the research conducted in previous chapters and Appendix A.  
Appendix A, titled “Post-transcriptional gene silencing of the southern cattle tick’s 
(Rhipicephalus microplus) type-1 tyramine receptor and putative γ-aminobutyric 
acid-A (GABAA) receptor” is presenting preliminary research on the validation of 
the southern cattle tick’s tyramine receptor as a potential target for acaricide 
development, which was introduced in Chapter 2 and Chapter 3. 
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The need for safe and effective insecticides 
The growing world population, which is estimated to be around 9 billion by 
2050, is placing growing demands on agriculture. The agrochemical and animal 
health industries are trying to discover new methods to control economically 
devastating pests, like insects, mites and ticks, along with the diseases these 
organisms are capable of vectoring.  Discovery of agrochemicals and veterinary 
external-parasiticides has become difficult in a changing landscape of agricultural 
practices characterized by increased public and governmental scrutiny and 
demands. Such stipulations for agrochemicals include the discovery of 
compounds having characteristics of decreased toxicity to non-target vertebrate 
and invertebrate organisms, along with decreased environmental contamination. 
While significant advances have been made in reducing the use rate and 
environmental impact of conventional synthetic pesticides, biopesticides, like 
botanically-based insecticides, do not share an equal amount of the market 
(Lamberth et al. 2013).  Additionally, biologically-based technology (genetically 
modified organisms) to aid in controlling agricultural pests still lacks public 
acceptance, and is not as globally accepted outside of the United States. Further 
restraints on agrochemical development include increased product costs and 
time to get a product to market (Lamberth et al. 2013). Currently, agricultural 
pests are controlled by over 900 types of chemistry that have over 100 
mechanisms of action (Casida and Durkin 2013). However, even with this vast 
chemistry and mechanisms of action there is still a desideratum for new 
mechanisms of action.  It is important to note that new mechanisms of action, 
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along with new chemistry, are only successful with proper pesticide use and the 
use of integrative approaches to pest control. 
New agrochemical targets: G-Protein-Coupled Receptors (GPCRs) 
G-Protein-Coupled Receptors (GPCRs) are membrane-bound receptors, 
which are involved in the sensing of extracellular signals.  In turn, the 
extracellular signal is internalized to result in some physiological or cellular 
response. This very nature of GPCRs allows them to be highly “druggable” 
targets, and they have been widely exploited by the human pharmaceutical 
industry.  It is estimated that as much as 50% of all human pharmaceuticals 
target GPCRs, which indicates their vast importance to normal cellular and 
physiological functions and their susceptibility to pathological conditions (Hill et 
al. 2013).  However, GPCRs historically have not been a dominant force in the 
agrochemical market.  Recently, there has been growing interest in the discovery 
of agrochemicals targeting GPCRs (Bai and Palli 2012, Ejendal et al. 2012, 
Grimmelikhuijzen and Hauser 2012, Hill et al. 2013). 
Several ligands can activate GPCRs; here I will focus on biogenic amines 
as ligands for GPCRs, specifically tyramine and octopamine, and their 
importance to invertebrate function, particularly in relation to insects.  Another 
significant class of ligands that are capable of activating GPCRs are 
neuropeptides. The physiological importance of neuropeptides in D. 
melanogaster has been recently reviewed (Nassel and Winther 2010). Since 
GPCRs are important to the pharmaceutical industry, there have been several 
systems developed to study GPCRs, which have also been previously reviewed 
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(Bai and Palli 2012, Ejendal et al. 2012, Smagghe and Swevers 2012, Hill et al. 
2013). 
Octopamine and tyramine synthesis  
Octopamine and tyramine are biogenic monoamines that are found in the 
nervous system of arthropods, including ticks, insects and nematodes.  
Octopamine and tyramine were originally identified in the salivary glands of the 
octopus (Erspamer 1948).  Octopamine and tyramine are catecholamines like 
dopamine, norepinephrine (noradrenaline) and epinephrine (adrenaline).  Other 
biogenic amines include the indolamines, such as, serotonin or 5-
hydroxytryptamine (5-HT) and histamine.  Catecholamines use the amino acid 
tyrosine as the backbone for synthesis, as shown in Figure 1. Briefly, tyramine is 
the rate-limiting product in the formation of octopamine.  Tyramine is produced by 
the decarboxylation of the amino acid tyrosine via tyrosine decarboxylase 
(Karlson and Herrlich 1965). Tyramine can also be synthesized from a dopamine 
metabolite; however, this is not believed to be a major synthetic route (Roeder 
2005).  Tyramine is further acted upon by tyramine-β-hydroxylase to form 
octopamine (Monastirioti et al. 1996).     
Signal transduction of octopamine and tyramine 
Octopamine and tyramine are released from various portions of the 
insect’s nervous system (Roeder 2005, Homberg et al. 2013). Octopamine and 
tyramine’s physiological functions are realized when octopamine or tyramine 
binds to its specific membrane-bound receptors.  In turn, the receptor internalizes 
this original chemical message into a biochemical cascade via the production of 
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second messenger(s), which ultimately results in a cellular response. 
Octopamine and tyramine primarily activate the superfamily G-protein-coupled 
receptors (GPCRs). Specifically, octopamine and tyramine activate rhodopsin-
like metabotropic GPCRs.  GPCRs are sometimes referred to as heptahelical 
receptors or serpentine receptors; this is because the receptor transverses the 
cell membrane seven times (7TM).  The seven transmembrane regions of 
GPCRs are connected by three extracellular loops and three intracellular loops.  
Residues in several octopamine receptors and several tyramine receptors have 
been shown to be important in ligand binding and receptor function, which has 
been discussed in a recent review (Farooqui 2012). Receptor activation allows 
for the recruitment of a heterotrimeric intracellular G-protein, which are 
composed of an α -subunit, β-subunit and a γ-subunit.  
The original classification of octopamine receptors was based on second 
messenger production, upon receptor activation, in various invertebrate tissues.  
However, the advent of molecular biology has allowed for a comprehensive 
approach to octopamine receptor classification, now including tyramine receptors 
as a separate entity.  The new classification system is based on sequence 
homology with the mammalian adrenergic receptors and signaling properties 
(Evans and Maqueira 2005). That is, octopamine receptors are classified based 
on sequence similarities and the production of specific second messenger 
pathways realized during receptor activation. The α-adrenergic-like octopamine 
receptor (OctαR) shares a sequence homology with the mammalian α-adrenergic 
receptor(s).  Activation of OctαRs results in an increase of the intracellular 
6 
 
calcium ([Ca2+]i) concentration, which is liberated from intracellular calcium 
stores, like the endoplasmic reticulum or the sarcoplasmic reticulum, via the 
activation of the inositol pathway. β-adrenergic-like octopamine receptors 
(OctβRs) share sequence homology with the mammalian β-adrenergic 
receptor(s).  Activation of OctβRs results in the increase of the intracellular 
concentration of cyclic adenosine monophosphate (cAMP), via activation of the 
membrane-bound enzyme adenylate cyclase.  It is not unusual for OctαRs and 
OctβRs to respond to either octopamine or tyramine at different concentrations; 
this is probably due to structure similarity between octopamine and tyramine.  
Ligand-agonist coupling or ligand-trafficking, which is peculiarized as the 
activation of different second-messenger pathways based on the ligand, has 
been reported for octopamine and tyramine at a single receptor (Robb et al. 
1994).  Ligand-agonist coupling is commonly found with the octopamine/tyramine 
or tyramine receptor, which was later classified as tyramine-1 receptor (TAR1).  
When octopamine activates these receptors, it can result in an increase of the 
intracellular concentration of calcium.  When tyramine activates TAR1, it can 
result in an inhibitory effect on adenylate cyclase, decreasing the intracellular 
concentration of cAMP. It is now accepted that tyramine is the preferred ligand of 
TAR1 (Farooqui 2012, Bayliss et al. 2013).  Recently, tyramine-2 receptors 
(TAR2) have been identified, which are also specifically activated by tyramine, 
versus octopamine, and have been shown to result in the release of calcium from 
intracellular stores (Cazzamali et al. 2005, Huang et al. 2009).  Bayliss et al. has 
proposed a third class of tyramine receptors (TAR3), which have a different 
7 
 
pharmacological profile, and result in an increase of intracellular cAMP, when 
heterologously expressed in Chinese hamster ovary (CHO-K1) cells.  
Additionally, TAR3 seems to be specific to Drosophila melanogaster, where it is 
expressed in the crop and eye of the adult flies and the hindgut in larvae (Bayliss 
et al. 2013). The signal transduction pathways for these GPCRs are shown in 
Figure 2. 
Ligand-gated ion channels, like GPCRs, are transmembrane ion channels 
and are involved in the flow of ions into or out of a cell upon the binding of a 
ligand or chemical message. Recently, ligand-gated chloride channels that are 
preferentially activated by tyramine have been identified in Caenorhabditis 
elegans, Cel LGC-55 (Pirri et al. 2009), and in Haemonchus contortus, Hco-LGC-
55 (Rao et al. 2010). Cel-LGC-55 appears to act on neck muscles to suppress 
head oscillation and promote backward movement or reversal behavior in C. 
elegans (Pirri et al. 2009).  Hco-LGC-55 has been shown to be expressed in all 
life stages of the parasite; expression may be reduced in adult male (Rao et al. 
2010). 
Octopamine and Tyramine: Diverse physiologically active biogenic amines 
There is a plethora of studies examining the physiological importance of 
octopamine and its receptors in various invertebrates; this has been the topic of 
several excellent reviews (Roeder et al. 2003, Evans and Maqueira 2005, 
Roeder 2005, Farooqui 2007, Verlinden et al. 2010, Farooqui 2012), and 
therefore, will not be discussed here.  Tyramine and its receptors, on the other 
hand, have not had as much research attention.  This is largely because 
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tyramine was initially thought to only be the biosynthetic precursor to octopamine. 
Therefore, I will focus on the advances made in understanding the physiological 
role of tyramine through a brief review of the literature.   
Insects undergo differential behavioral states using semiochemicals, this 
is extended to the complex interaction with social insects, like the honey bee, 
Apis mellifera.  Previous studies have indicated neurohormonal and 
neuromodulatory effects on honey bee behavior to aid in the support of social 
hierarchy in the bee hive (Taylor et al. 1992, Wagener-Hulme et al. 1999, Schulz 
and Robinson 2001, Schulz et al. 2002, Dombroski et al. 2003). Previous studies 
have indicated that the honey bee queen uses pheromones, which are produced 
and released from the mandibular gland and/or the Dufur’s gland, to maintain a 
reproductive hierarchy in the colony (Malka et al. 2008).  The concentration of 
pheromones produced in the mandibular gland is high in the queen bee, but low 
in the worker bees (Beggs et al. 2007, Vergoz et al. 2009).  Recently, tyramine 
has been shown to result in reproductive dominance over the fertility of the bee.  
Specifically, tyramine has been shown to be involved in ovary development, 
pheromone production and secretion; specifically, a pheromone that is consistent 
with a queen (Salomon et al. 2012). Tyramine did not have effects opposite of 
octopamine, which had been thought to be a major role of tyramine in insects 
(Roeder et al. 2003).  Instead octopamine appears to be involved in cast 
differentiation and the production of specific worker pheromones (Schulz and 
Robinson 2001, Schulz et al. 2002, Salomon et al. 2012). 
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Insects are able to respond to environmental cues via a variety of 
chemosensory organs. The molecular mechanism of odor reception in insects 
has been recently reviewed (Leal 2013). While octopamine and tyramine may not 
be the original sensing signals, they are involved in the neuronal modulation of 
the signal.  A D. melanogaster mutant has been identified as having an olfactory 
defect resulting in behavioral changes (reduced avoidance).  It was determined 
that this reduced avoidance was a result of a p-element upstream of the type-1 
tyramine receptor (TAR1); this decreased the expression of the tyramine 
receptor. This indicates that tyramine has a role in modulation of D. 
melanogaster sensory processing (Kutsukake et al. 2000).  Mutation of the 
tyramine-β-hydroxylase (TβH) gene results in an abnormally low concentration of 
octopamine with a high concentration of tyramine. The decreased level of 
octopamine results in a poor locomotion phenotype in D. melanogaster.  For 
instance, TβH mutant larvae were described as being slow and “pausing”, 
compared to wild-type, described as a decrease in linear translocation; this 
phenotype was recovered by feeding the larvae octopamine (Saraswati et al. 
2004). Tyramine was able to decrease flight, possibly via a central motor pattern 
generator, in honey bees; this is an opposite effect of octopamine (Fussnecker et 
al. 2006). Tyramine has also been shown to affect egg laying, reversal 
movement and head oscillations in C. elegans (Alkema et al. 2005). It is 
important to note that more sensory behavior effects, head oscillations and 
reversal movement, were observed via the effects at the chloride-gated tyramine 
receptor (LGC-55) (Pirri et al. 2009).  
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Octopamine has previously been reviewed to have effects in the 
reproductive system of insects (Roeder 2005); however, tyramine also has a role.  
It has been demonstrated that there are tyraminergic innervations in the Locusta 
migratoria oviduct muscles (Donini and Lange 2004).  Tyramine was shown to 
increase the amplitude of excitatory junctional potentials and hyperpolarize the 
oviduct muscle; this effect was seen at low concentrations of tyramine (Donini 
and Lange 2004). Tyramine has also been reported to have an effect on other 
types of muscles, specifically, muscles involved in insect flight (Brembs et al. 
2007).  In D. melanogaster, tyramine has been shown to inhibit flight initiation at 
high concentrations (Brembs et al. 2007). 
Botanical insecticides 
Botanical insecticides, such as pyrethrum, rotenone, neem and plant 
essential oils, have been used for over 150 years in the United States; however, 
some botanical insecticides have been used for thousands of years in other 
countries (e.g. China, Egypt, Greece and India).  Essential oils can be 
characterized as lipophilic liquids, which when isolated from the plant, display a 
strong odor.  Essential oils function as plant secondary metabolites, which means 
they are not involved in the primary metabolism of the plant but still serve a 
variety of functions; for instance they can deter herbivorial feeding (Isman 2000, 
2006).  Essential oils are commonly obtained via steam distillation from various 
plant tissues/organs or plant foliage under a variety of conditions (Isman 2000, 
2006, Bakkali et al. 2008).  Essential oils are a complex mixture of different 
chemistries including various types of terpenes/terpenoids and related aromatic 
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terpenoid compounds.  Here I will use “terpene” interchangeably with “terpenoid”. 
Since botanical compounds, like essential oils, are widely found in everyday 
items, like cosmetics and fragrances, food additives and pharmaceuticals, they 
are generally believed to have minimal mammalian toxicity (Chan 2001).  Some 
essential oils and essential oil components are found on the United States 
Environmental Protection Agency’s exempt lists (25b and 4a).  Additionally, some 
essential oils are Generally Recognized As Safe (GRAS), according to the Food 
and Drug Administration (FDA).   
Essential oil terpenoids are synthesized from isoprene units, which are the 
five-carbon building blocks of terpenoids. The coupling of these isoprene units 
can lead to structures that have 5 – 40 carbons.  Here, I will focus on terpenoid 
structures composed of two isoprene units, monoterpenoids (10-carbons), and 
terpenoid structures composed of three isoprene units, sesquiterpenoids (15-
carbons).  The carbon backbone of terpenoids is further targeted by a variety of 
enzymes that give terpenoids diverse characteristics.  For instance, terpenoids 
can be cyclic or acyclic, and they can contain a variety of heteroatoms to create 
alcohols, aldehydes, ketones, esters, epoxides, ethers, and acids (Chappell 
1995, Dewick 1997, Croteau et al. 2000).  Not all terpenoids are aliphatic; some 
related aromatic terpenoids are synthesized from the shikimic acid pathway, 
which is the pathway that plants commonly use to synthesize aromatic amino 
acids. In particular, phenylalanine and tyrosine are responsible for the 
phenylpropane/phenylpropene units that are the building blocks for the aromatic 
compounds found in essential oils (Dewick 1997).  
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Terpenoid mechanism of action: focus on octopamine and tyramine 
receptors 
An understanding of the mechanism of action of insecticidal activity of 
essential oils, and their terpenoids, will aid in the integration of these compounds 
into a pest control strategy. While several studies have indicated that these 
compounds have a neurotoxic mechanism of action (Lee et al. 1997, Enan 
2001), it is possible that several targets or mechanisms are involved, both inside 
and outside of the insect’s nervous system. Several studies have been 
performed assessing different mechanisms of neurotoxic action.  These studies 
included the ability of botanical terpenoids to inhibit the enzyme 
acetylcholinesterase, leading to an increased concentration of acetylcholine in 
the synaptic cleft (Miyazawa et al. 1997, Miyazawa and Yamafuji 2005, Picollo et 
al. 2008, Siramon et al. 2009, Fujiwara et al. 2010, Lopez and Pascual-Villalobos 
2010).  Another study evaluated the ability of essential oil components to affect 
chloride conductance by altering the γ-aminobutyric acid (GABAA) receptor 
(Priestley et al. 2003).  Additionally, botanical terpenoids that were positive and 
negative modulators of the GABAA receptor, along with physicochemical 
properties of the botanical terpenoids, to predict successful modulation of this 
GABAA receptor, have been described (Tong and Coats 2010, 2012).  Recently, 
binding at the house fly (Musca domestica) nicotinic acetylcholine receptor 
(nAChR) has been reported for carvacrol (Tong et al. 2013).  In addition to GABA 
receptor and the nAChR, essential oil terpenoids have also been reported to 
have an effect at other ion channels. Specifically, essential oil terpenoids have 
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been reported to inhibit transient receptor potential (TRP) channels, which are 
important sensory channels in humans (Parnas et al. 2009). 
Essential oil toxicity may be attributed to the multi-functionality of 
octopamine, and now tyramine, to insect physiology. Application of essential oil 
terpenoids may result in hyperactivity, hyperextension of extremities and 
abdomen, knockdown, which can be followed by death. Homogenate of the 
American cockroach (Periplaneta americana) nervous system resulted in an 
increase of cAMP upon terpenoid application. Enan et al. suggested that toxicity 
was mediated via the octopaminergic system in the insect’s nervous system 
(Enan 2001).  Later studies performed in Helicoverpa armigera homogenate also 
showed an increase of cAMP (agonistic activity) from abdominal dermal tissue  
with the application of several essential oil terpenoids, which was blocked by the 
octopamine receptor antagonist, phentolamine (Kostyukovsky et al. 2002).  A 
cloned α-adrenergic-like octopamine receptor (Pa oa1) has been described from 
the American cockroach (Enan 2001) and an α-adrenergic-like octopamine 
receptor (OAMB) from D. melanogaster (Enan 2005).  When these octopamine 
receptors were expressed in human embryonic kidney (HEK-293) cells they 
resulted in an increase of the intracellular concentration of cAMP and calcium, 
which is peculiar since these both are OCTαR’s and should signal via the inositol 
pathway (increase in intracellular calcium).  This may be an artifact of the 
heterologous expression system or this may indicate the ability of essential oils to 
recruit different G-proteins, activating multiple second messenger pathways 
(Farooqui 2007).  When eugenol, a plant essential oil monoterpenoid, was 
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exposed to HEK-293 cells expressing Pa oa1 it decreased the basal level of 
cAMP. Application of trans-anethole to HEK-293, expressing OAMB, resulted in 
an increase of the cellular concentration of cAMP (Enan 2005).  However, little 
effect was reported on the calcium response (Enan 2005). Essential oil activity 
has also been reported on a cloned tyramine receptor, from D. melanogaster that 
was expressed in Drosophila S2 cells.  Here, a strong calcium response, along 
with a decrease of forskolin-stimulated cAMP was seen with the addition of 
tyramine.  
Introduction to the southern cattle tick 
The southern cattle tick, Rhipicephalus (Boophilus) microplus (Canestrini, 
1888), is a tick that is located throughout the world; in the U.S. the southern 
cattle tick is located in the tropical and subtropical regions of the Americas.  R. 
microplus is capable of transmitting the causative agents that result in Texas 
cattle fever or red water fever (Babesia spp.), and is also capable of transmitting 
a rickettsia (Anaplasmosis marginale) that results in anaplasmosis. Babesia are 
apicomplexan protozoan parasites, related to Plasmodium species that cause 
malaria, and are of great concern to the cattle industry. Infection with Babesia 
spp. is characterized by a decrease of weight gain in cattle, decrease in milk 
production in dairy cattle and, in severe cases, mortality. These parasites, 
Babesia spp. and A. marginale, infect and lyse red blood cells resulting in fever, 
anemia, and hemoglobin secretion from the kidneys such that the urine is red. 
Infection with these parasites is so severe that it can result in mortality rates as 
high as 90% in infected adult naïve cattle (Perez de Leon et al. 2010, Perez de 
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Leon et al. 2012). The so-called ‘fever ticks’ and associated disease were so 
significant that the burden on the livestock industry equaled U.S. $13.5 million in 
1906. Tick control measures were initiated in 1907 in the form of the Cattle Fever 
Tick Eradication Program (CFTEP). The CFTEP successfully eradicated the tick 
from all 13 states in the eradication zone by 1960, except for a 600-mile stretch 
along the Rio Grande River, covering 545,480 acres of southwestern Texas 
(Graham and Hourrigan 1977). This region is a permanent quarantine zone that 
is patrolled by ‘tick riders’ who monitor the border for animal incursions and 
survey ranches and livestock markets for evidence of infestation by cattle ticks. If 
ticks are detected on animals inside, or outside, of the permanent quarantine 
zone, cattle are subjected to a rigorous regimen of acaricide treatments with the 
hope to eradicate the infestation, and/or ranchers are forced to vacate rangeland 
for 6-9 months to prevent further infestations (Perez de Leon et al. 2012).  
Despite the long-standing integrated control measures implemented by 
the CFTEP, the highest number of tick-infested premises ever recorded in the 
systematic quarantine zone has been observed in the past five years (Temeyer 
et al. 2010, Temeyer et al. 2012). The increased incidence of cattle ticks inside 
and outside of the quarantine zone can in part be explained by an expansion of 
the host-range of fever ticks to include free-ranging white-tailed deer and exotic 
species, particularly nilgai antelope, which are widely distributed in the 
quarantine zone (Perez de Leon et al. 2012). Free-ranging animals have access 
to vacated pasture so they can readily be infested with and transport ticks. Since 
2004, the number of infested areas in and around the quarantine zone has 
16 
 
increased dramatically. In 2008, 132 infestations were reported, with 47 outside 
the systematic area. As of October 2009, 146 infestations were reported, with 85 
outside the systematic quarantine zone (Duhaime 2009). In 2010, there were a 
total of 90 infestations, including 22 in the free area outside the systematic 
quarantine zone. In 2011 there were 108 infestations with 39 in the free area, 
and in 2012, there were 61 total infestations, with 11 of the total occurring outside 
of the systematic quarantine zone (personal communication with USDA-ARS 
KBUSLIRL, Kerrville, TX). The mainstay of eradication measures for fever ticks 
within the U.S. is a dipping vat; over the years a variety of chemistries have been 
used as cattle dips – crude petroleum, arsenic, DDT, dioxathion, toxaphene and 
coumaphos (Graham and Hourrigan 1977, Perez de Leon et al. 2012). More 
recently, pyrethroids and amitraz have also been used in fever tick control. The 
control of these ticks mandates an intensive regimen of treatment that includes 
dipping every 14 days for 9 consecutive months (Perez de Leon et al. 2012). 
Intense acaricide selective pressure in Mexico, and other countries where cattle 
ticks remain endemic has, predictably, resulted in widespread acaricide 
resistance. In several countries in which the tick is endemic, R. microplus has 
developed resistance to all of the major classes of insecticides (Li et al. 2007). 
Multiple-acaricide-resistant ticks in Mexico (Rosario-Cruz et al. 2009) are of 
particular concern to the U.S. because over a million head of cattle are imported 
annually from Mexico (Bram et al. 2002). The economic impact of this tick has 
been shown in Latin America, where R. microplus accounts for losses of US$1 
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billion, while global losses are estimated at US$13.9-18.7 billion annually (Ghosh 
et al. 2007).  
Expansion in both the range and abundance of the fever tick clearly 
increases the risk of bovine babesiosis transmission to cattle in the southern 
United States. This is a real and present risk because a recent study of ticks from 
infestation outbreaks showed that 4 out of 26 sites were B. bigemina-positive 
(Guerrero et al. 2007). If Babesia-infected fever ticks continue to spread, the 
consequences will be devastating to immunologically naïve cattle in the U.S. 
(Bram et al. 2002). In addition, one impact of global climate change may be 
expansion of the potential range of cattle ticks well beyond its historic limits and 
adaptation to new hosts (Perez de Leon et al. 2012). In addition, ticks are second 
only to mosquitoes as vectors of human diseases, and are the most important 
vector for animal diseases. It is estimated that 75% of newly emerging human 
infections are zoonotic in origin, and this realization has led to the One Health 
initiative that was the subject of a workshop to identify research needs for bovine 
and human babesiosis (Perez de Leon et al. 2010, Perez de Leon et al. 2012). 
Therefore, there is a clear and urgent need to develop new, more effective, and 
preferably environmentally friendly means to augment the integrated fever tick 
control strategies currently in use. 
Essential oils enhance the activity of synthetic pyrethroids against 
mosquitoes. 
In the United States mosquitoes are widely considered a nuisance; 
however, throughout the world the mosquito is a dangerous arthropod capable of 
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vectoring several debilitating and deadly diseases. Mosquito-borne diseases 
include dengue fever (DF), which is caused by the dengue virus (DENV), a 
rapidly spreading mosquito-borne illness that is estimated to result in 50 million 
annual infections.  It is estimated that 2.5 billion people are exposed to the 
dengue virus in over 100 endemic countries (WHO, 2013).  The primary vector 
for DENV, and therefore DF, is Ae. aegypti but the DENV can also be maintained 
in other Aedes mosquitoes, such as Ae. albopictus. Secondary infections with the 
DENV can result in dengue hemorrhagic fever (DHF) and dengue shock 
syndrome (DSS), which are more severe infections (Rodenhuis-Zybert et al. 
2010).  Ae. aegypti and Ae. albopictus also transmit several other arboviruses 
including chikungunya.  Currently there is not a treatment for chikungunya fever; 
however, it is usually not fatal but debilitating.  Malaria is a devastating disease 
that is vectored by Anopheles mosquitoes infected with Plasmodium parasites.  
In 2010, 225 million cases of malaria and nearly 1 million deaths were reported. 
Half of the world’s population is at risk for malaria, which extends further impact 
to significant economic damage from malaria (WHO, 2012). Currently, there are 
treatment methods for malaria, such as antimalarial medications; however, 
parasite resistance to antimalarial medications is undermining this approach to 
treating malaria.  The best way to prevent mosquito-borne diseases is to prevent 
the bite of the mosquito, which can be done with repellents or by reducing the 
populations of mosquitoes.  The constant use of chemical insecticides can result 
in insecticide resistance, hindering mosquito control.  Therefore, there is the 
need for alternative and integrative control measures to address mosquito-borne 
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diseases.  This can include novel chemistries and/or identification of new 
molecular targets to aid in control.  Alternatively, it is possible to find new ways to 
make old chemistry work better. 
Pyrethroid insecticides are used in many situations to control mosquitoes 
along with other arthropod pests.  The use of additional compounds, like the 
synergist piperonyl butoxide (PBO), can enhance the activity of the pyrethroid 
insecticides.  This synergistic effect is prominent in mosquito strains that are 
resistant to the insecticide (dependent on mode of resistance).  A new joint-
action (or enhanced) approach focuses on enhancing the efficacy of synthetic 
pyrethroids by mixing them with essential oils. Recently, essential oils have been 
described as enhancing the efficacy of carbaryl, when used as a larvicide but did 
not enhance permethrin, as a larvicide. The enhancement observed in mosquito 
larvae was hypothesized to be the result of essential oils inhibiting the 
cytochrome P450 monooxygenases and carboxylesterases (Tong and 
Bloomquist 2013).  Additionally, a select number of essential oils were enhanced 
the potency of pyrethrum against house flies (Musca domestica), but did not 
perform as well compared to PBO (Joffe et al. 2012). 
Conclusion 
GPCRs have been a significant target of pharmaceutical drugs but 
GPCRs’ potential in the agrochemical industry has not been fully realized. A 
growing public interest has emerged to use pesticides that are effective, but also 
pesticides that are safer. Botanically based pesticides may have a higher safety 
ratio, compared to conventional synthetic compounds. Additionally, octopamine 
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and tyramine receptors appear to be specific targets for invertebrates, which is 
not always the case of conventional pesticide targets. A variety of arthropod pest 
are capable of having a significant impact to humans, this impact can be 
appreciated by the diseases that they are able to vector to plants, animals and 
humans. Therefore, there is a fine balance to control the pest, and associated 
diseases, but to utilize compounds that do not themselves cause a significant 
impact to non-target organisms. Botanically based terpenoids may have an array 
of mechanisms of actions, which  includes the ability to kill arthropods, but they 
may also have a role at enhancing the efficacy of currently available compounds. 
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Figure 1. Biochemical synthesis of octopamine and tyramine. 
The amino acid, tyrosine, is vital to the synthesis of tyramine and octopamine.  
Tyramine is synthesized when tyrosine carboxylase (TDC) converts tyrosine to 
tyramine. Octopamine is synthesized when tyramine-β-hydroxylase (TβH) 
converts tyramine to octopamine.  It is possible that tyramine can be synthesized 
from a dopamine pathway when dihydroxy phenylalanine is synthesized from 
tyrosine via tyrosine hydroxylase (TH). Dihydroxy phenylalanine is converted to 
dopamine via DOPA decarboxylase. Dopamine is converted to tyramine via 
dopamine dehydroxylase (DDH). 
  
 Figure 2. Signal transduction pathway 
tyramine receptors. 
Signal transduction of tyramine and octopamine G
(GPCRs). Here the cellular biochemical pathway is shown for the 
like octopamine receptor (Oct
(OctβR), the Type-1 tyramine receptor (TAR1), the Type
(TAR2) and the Type-3 tyramine receptor (TAR3). Activation of cellular 
biochemical pathways results in an insect behavior o
GDP, guanosine diphosphate; GTP, guanosine trip
phosphoinositide phospholipase C; PIP
IP3, inositol-1,4,5-trisphosphate; DAG, diacyl glycerol; PKC, protein kinase C; 
cAMP, cyclic adenosine monophosphate; PKA, protein kinase A.
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CHAPTER 2. Identification and pharmacological characterization 
of a tyramine receptor from the southern cattle tick, 
Rhipicephalus microplus. 
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Abstract 
The southern cattle tick (Rhipicephalus microplus) is an hematophagous 
parasite that vectors the causative agents, Babesia spp., which results in cattle 
fever or red water fever. The southern cattle tick is found in many locations 
throughout the world. Previous studies have identified a putative octopamine 
receptor from the southern cattle tick in Australia and the Americas. Furthermore, 
this putative octopamine receptor could play a role in acaricide resistance for 
amitraz. Recently, sequence data indicated that this putative octopamine 
receptor is actually a type-1 tyramine receptor (TAR1). In this study the TAR1 
was heterologously expressed in Chinese hamster ovary (CHO-K1) cells and 
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resulted in a 39-fold higher affinity for tyramine than for octopamine. 
Furthermore, the expressed receptor was strongly antagonized by yohimbine and 
cyproheptadine, and mildly antagonized by mianserin and phentolamine. 
Tolazoline and naphazoline had strong agonistic or modulatory activity against 
the expressed receptor, as did the amitraz metabolite, BTS-27271. The southern 
cattle tick’s tyramine receptor may serve as a target for the development of anti-
parasitic compounds, in addition to being a potential target for formamidine 
insecticides. 
Introduction 
The southern cattle tick (Rhipicephalus (Boophilus) microplus) is an 
ectoparasite that can have an economically devastating effect on the cattle 
industry worldwide. R. microplus, in the United States, was estimated to have 
direct costs of more than $130 million to the cattle industry in 1906, and has been 
estimated to be over $3 billion today (USDA-APHIS August 2010). The significant 
economic impact of this tick is realized with the diseases that it is capable of 
vectoring. Specifically, the southern cattle tick is capable of vectoring Babesia 
spp., which result in bovine babesiosis. The southern cattle tick is also capable of 
vectoring Anaplasma marginale, which can result in anaplasmosis. Babesiosis is 
widely distributed throughout the world and is capable of causing infections in 
many hosts, including humans and cattle; this has led to the one-health concept 
in controlling ticks that are capable of vectoring Babesia spp. (Perez de Leon et 
al. 2010). The United States initiated the Cattle Fever Tick Eradication Program 
(CFTEP) in 1906, which aimed to eliminate the southern cattle tick (R. microplus) 
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and the cattle tick (R. annulatus) from thirteen southern states. The mainstay of 
the CFTEP is the use of chemical acaricides; specifically, the organophosphate 
coumaphos, which is the only acaricide officially used by the CFTEP. However, 
several chemical acaricides are used to help control the southern cattle tick. The 
heavy use of several chemical acaricides, with different mechanisms of action, 
has predictably resulted in ticks that display acaricide resistance. Acaricide 
resistance, particularly with tick strains found in the Americas, has been reported 
for several chemical classes including organophosphates (Miller et al. 2005, 
Rodriguez-Vivas et al. 2007, Temeyer et al. 2007, Miller et al. 2008, Guerrero et 
al. 2012), synthetic pyrethroids (Li et al. 2007, Miller et al. 2007a, Cossio-
Bayugar et al. 2008, Guerrero and Nene 2008, Rosario-Cruz et al. 2009) and 
formamidines (Li et al. 2007, Miller et al. 2007b, Corley et al. 2013). Recently, a 
population of R. microplus of concern has been discovered in Mexico. This 
population is resistant to synthetic pyrethroids, organophosphates, amitraz 
(formamidine) and ivermectin (macrocyclic lactone family) (Fernandez-Salas et 
al. 2012). Since 1960, the southern cattle tick has been eradicated from the U.S. 
with the exception of a permanent quarantine zone, which is part of the continued 
effort of the CFTEP, along the Texas-Mexico border. As R. microplus is endemic 
to Mexico, there is the possibility of regular reintroduction of the southern cattle 
tick into the U.S. Reintroduction is possible with the movement of cattle into the 
U.S. from Mexico and the ability of the tick to be maintained on wild ungulates. 
For continued success of the CFTEP, it is imperative that integrative pest control 
33 
 
measures be taken, that new biochemical targets for tick control be identified and 
the understanding of the mechanism(s) of acaricide resistance is advanced.  
Octopamine and tyramine are biogenic amines found in a variety of 
invertebrates, including insects and ticks and have been shown to be involved in 
a variety of physiological functions in insects. Octopamine and tyramine are 
characterized as neurotransmitters, neurohormones and neuromodulators. While 
the diverse physiological functions of octopamine have been realized for some 
time, we are only starting to understand the physiological relevance of tyramine; 
this is because, until recently, tyramine was thought to only be a synthetic 
precursor to octopamine (Roeder et al. 2003, Roeder 2005, Verlinden et al. 2010, 
Farooqui 2012). Octopamine receptors are the believed target of formamidine 
insecticides/acaricides, which include chlordimeform and amitraz (Hashemzadeh 
et al. 1985). Hyperactivity and tick detachment are symptoms of exposure to sub-
lethal concentrations of formamidine acaricides against the southern cattle tick 
(Stone et al. 1974). 
A cDNA sequence, originally thought to code for an octopamine receptor, 
was isolated from R. microplus ticks that were susceptible and resistant to 
amitraz in Australia. However, the identified open reading frame (ORF) did not 
result in any point mutations (Baxter and Barker 1999). The putative octopamine 
receptor was later identified in tick populations from the Americas. Additionally, 
two point mutations, T8P and L22S, were identified in amitraz-resistant ticks. 
These point mutations were hypothesized to have a possible role in the 
resistance to the acaricide amitraz (Chen et al. 2007). However, functional 
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analysis of these receptors was not performed to confirm the identity of the 
putative receptor. In fact, it has been hypothesized, based on sequence 
similarity, that the originally identified receptor is a tyramine receptor, instead of 
an octopamine receptor (Verlinden et al. 2010, Farooqui 2012). Therefore, I will 
refer to the receptor originally identified in Australian ticks as a putative tyramine 
receptor. The objectives of this study were to (1) functionally characterize the 
putative tyramine receptor from the southern cattle tick, and (2) determine the 
receptor pharmacology using functional assays. 
Materials and Methods 
Chemicals 
Pharmacological analysis was performed with compounds purchased from 
Sigma-Aldrich (St. Louis, MO) unless otherwise noted. Test compounds include 
tyramine hydrochloride (≥ 98%), DL-octopamine hydrochloride (99%), (±)-
synephrine, dopamine hydrochloride (≥ 98.5%), DL-norepinephrine hydrochloride 
(≥ 97%), serotoninhydrochloride (5-hydroxytryptamine, 5-HT), (±)-epinephrine 
hydrochloride,  histamine dihydrochloride (≥99 %), phentolamine hydrochloride (≥ 
98%), yohimbine hydrochloride (≥ 98%), clonidine hydrochloride (solid), 
mianserin hydrochloride, (±)-propranolol hydrochloride (≥ 99%), chlorpromazine 
hydrochloride (≥ 98%), amitraz metabolite BTS-27271 Pestanal® (Fluka), 
naphazoline hydrochloride, 2-benzylimidazoline (tolazoline). 
Test compounds were prepared fresh for each testing procedure with the 
exception of the amitraz metabolite BTS-27271, which was used from frozen 
DMSO stocks. Tyramine and octopamine were prepared in Hank’s Balance Salt 
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Solution (HBSS, Life Technologies, Carlsbad, CA). The remaining compounds 
were dissolved in DMSO then serially diluted with HBSS. The cells were exposed 
to a final concentration of DMSO that was less than 0.1%. 
Putative Tyramine Receptor 
The wild-type putative tyramine receptor was isolated from the Gonzalez 
strain of tick (amitraz-susceptible). The Gonzalez strain of R. microplus was 
originally identified in Zapata County, Texas in 1984, and has been maintained in 
culture by the USDA-ARS Knipling-Bushland U.S. Livestock Insects Research 
Laboratory (KBUSLIRL), Kerrville, TX. The receptor was provided in a 
pCDNA3.1(-) expression vector (Life Technologies) by KBUSLIRL. 
CHO Cell Culture, Transfection and Calcium Mobilization Assay 
Cell culture materials were obtained from Life Technologies, unless 
otherwise stated. Chinese hamster ovary-K1 (CHO or CHO-K1) cells were 
obtained from ATCC (Manassas, VA). CHO cells were maintained in a NuAire 
humidified water jacket incubator (Plymouth, MN); the incubator was maintained 
at normal cell growth conditions at 37°C, 90% humidity and 5% CO 2. The normal 
cell growth medium consisted of 1X Ham’s F12K (Kaighn’s modification) medium 
supplement with 10 mM HEPES (N-2-hydroxyethylpiperazine-N’-2-ethanesulfonic 
acid) plus 10% fetal bovine serum (FBS) (Atlas Biologicals, Fort Collins, CO). 
CHO cells were subcultured when cell confluency reached 80%-90%. To 
subculture, cells were washed with Dulbecco’s Phosphate Buffered Saline 
(DPBS); then cells were detached from culturing flasks with 0.25% trypsin - 0.53 
mM EDTA (trypsin-EDTA) solution. Cells were then centrifuged at 900 x g for 5 
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min at room temperature; cell pellet was resuspended in fresh normal cell growth 
media. 
Transient transfection of CHO cells with the putative tyramine receptor 
was performed in 6-well cell culture plates (Corning). Cells were transfected 
using Lipofectamine 2000® in OPTI-MEM supplement with F12K + 10% FBS, 
according to the manufacturer’s protocols (Invitrogen). Cells were transfected 
with 2.5 µg of DNA, which allowed the examination of the putative tyramine 
receptor’s ability to link to the endogenous calcium pathway. CHO cells were also 
transfected with individual G-protein chimeras (Gαqo5, Gαqi5, Gαqs5, or Gαqz5). 
CHO cells were incubated in the transfection medium for 12 hr at normal cell 
growth conditions. After 12 hr, cells were lifted from 6-well plate using trypsin-
EDTA. Cells were washed with normal growth medium and moved to a 15-mL 
conical tube, and were centrifuged at 900 x g at room temperature for 5 min. The 
cell pellet was resuspended in 3 to 3.5 mL of normal cell growth medium. CHO 
cells were counted using a Countess® Automatic Cell Counter (Life 
Technologies), according to the manufacturer’s protocols. CHO cells were placed 
into black-wall clear-bottom 96-well plates (Corning) at a cell density of 27,500 
cells per well, with a total volume of 100 µL. Cells were incubated at normal cell 
culture conditions for 24 hr prior to performing the calcium mobilization assay. 
The calcium mobilization assay was performed with a Fluo-4 NW Calcium Assay 
Kit (Life Technologies), according to the manufacturer’s protocol. Briefly, the cells 
were incubated in HBSS, 20 mM HEPES, a calcium-sensitive fluorescent dye 
(Fluo-4) and 2.5 mM probenecid; cells were incubated in this medium for 90 min 
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at 37°C prior to the start of the assay. Fluorescen ce was monitored using a 
FlexStation 1 (Molecular Devices, Sunnyvale, CA). Fluorescence changes were 
monitored with excitation at 494 nM and emission at 516 nM. Basal fluorescence 
was monitored for 20 s prior to the addition of screening compounds. The 
fluorescence readings were measured every 1.5 s for 120 s. 
Stable transfection was performed using the transient transfection 
procedure. However, instead of proceeding to the functional assay, cells were 
maintained in medium containing 100 µg/mL of Geneticin® (G418 sulfate; 
Corning). Single-cell colonies were selected in 96-well plates over four weeks. 
Successfully transfected cells, with both the putative tyramine receptor and G-
protein chimera, were determined with a calcium mobilization assay and by RT-
PCR. 
Compounds were screened using an agonist and/or an antagonist 
screening method. The agonist screening method was utilized with the addition 
of the potential agonist added by the FlexStation after a 20-second background 
reading. Antagonist or modulator screening was performed by preincubating the 
putative antagonist or modulator with the cells in the black-walled clear-bottom 
96-well plate for 30 min prior to the addition of 150 nM of tyramine (addition 
performed by the FlexStation).  
Data analysis 
A minimum of six wells per plate along with a minimum of four plates was 
analyzed for each treatment. Additionally, each plate contained a blank, which 
consisted of four wells containing the calcium fluorescent indicator, probenecid 
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(2.5 mM) and HBSS with HEPES buffer (10 mM). Each plate also had four wells 
that contained cells expressing the receptor and chimeric G-protein exposed to 
the vehicle. Non-receptor mediated effects were monitored for each treatment 
and consisted of cells not expressing the receptor (regular CHO cells). 
Concentration-response curves were analyzed in GraphPad Prism (La Jolla, CA). 
One-way ANOVA and a paired t-test were used to test the data for statistically 
significant differences of agonist and antagonist compounds using SAS 9.3 
(Cary, NC). Student-Newman-Keuls (SNK) post-hoc analysis was used to 
determine significant differences between treatments with 95% confidence 
(α=0.05).  
Results 
The putative tyramine receptor was successfully expressed in Chinese 
Hamster Ovary (CHO) cells, and functional receptor activation was determined 
using a calcium-liberation assay. The calcium-liberation assay analyzes receptor 
activation via the Gαq phospholipase-C (PLC) pathway. Receptor activation 
results in an increase of cytosolic calcium, which can be quantified using a 
calcium-sensitive fluorescent dye. However, not all receptors will signal using the 
Gαq PLC pathway; therefore, a set of Gαq-protein chimeras, which funnel 
receptor activation down the Gαq PLC pathway resulting in an increase of 
intracellular calcium, were used. These G-protein chimeras were developed to 
have the receptor-interacting domain (5 amino acids) from different G-proteins 
(Gαs, Gαz, Gαi and Gαo), built on the Gαq backbone to make a hybrid calcium-
sensitive signaling molecule designated as Gαqs(5), Gαqz(5), Gαqi(5) and Gαqo(5). 
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Therefore, heterologous expression of a receptor with the Gαq chimera allows for 
quantification of receptor activation using a fluorescence output. 
The R. microplus putative tyramine receptor was transiently expressed in 
CHO cells alone to see if the receptor activated the endogenous Gαq PLC 
pathway (Figure 1). Expression of the receptor alone resulted in a weak 
fluorescent response to tyramine and octopamine at 1 µM (Figure 1). Transient 
expression was performed with the putative octopamine receptor in combination 
with individual Gαq chimeras (Gαqs(5), Gαqz(5), Gαqi(5) and Gαqo(5)). As shown in 
Figure 1, co-expression of the putative tyramine receptor resulted in the most 
significant response when co-expressed with the Gαqi(5) G-protein chimera 
(Figure 1). Additionally, 1 µM tyramine had a stronger and more significant 
fluorescence response when compared to 1 µM octopamine, which indicated that 
tyramine preferentially activated the heterologously expressed receptor with the 
Gαqi(5) G-protein chimera. Tyramine and octopamine displayed concentration-
dependent responses in CHO cells transiently expressing the receptor along with 
the Gαqi(5) chimeric protein (Figure 2). Tyramine had an EC50 of 9 nM, whereas 
octopamine has an EC50 of 351 nM; therefore, tyramine is 39-fold more effective 
at activating the heterologously expressed receptor with the Gαqi(5) chimera, 
compared to octopamine (Figure 2 and Table 1). Additional biogenic amines 
were screened at1 µM to ensure that tyramine is the preferred ligand. Tyramine 
activated the receptor most significantly, followed by octopamine. Acetylcholine, 
along with the N-methylated analogue of octopamine, synephrine, were capable 
of mildly activating the expressed receptor and Gαqi(5) chimera, but not as 
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significantly as tyramine or octopamine (Figure 3). Dopamine, 5-HT (serotonin), 
norepinephrine, epinephrine and histamine had little effect against the expressed 
receptor and chimera at 1 µM (Figure 3). These results indicated that the 
originally classified putative octopamine receptor (referred to here as the putative 
tyramine receptor) aligns with the bioinformatic data to show the receptor is a 
tyramine receptor. Specifically, this receptor appears to be a tyramine-1 receptor 
(RmTAR1)   
A colonial cell line that stably expressed the cattle tick tyramine receptor 
and Gαqi(5) chimera was selected over several weeks. Efficiency of the stable 
transfection of both the tyramine receptor and the G-protein chimera was 
approximately 8% (n=24). Tyramine resulted in a concentration-dependent 
response of CHO cells stably expressing the tyramine receptor and the Gαqi(5) 
chimera, which had an EC50 of 15 nM. This is similar to CHO cells transiently 
expressing the tyramine receptor and the Gαqi(5) chimera, which had an EC50 of 9 
nM (Figure 4 and Table 2).  
The pharmacological tool box to characterize octopamine receptors and 
tyramine receptors is limited. Adrenergic agonists and adrenergic antagonists are 
commonly used to determine the pharmacology of octopamine receptors and 
tyramine receptors. Six antagonists (propranolol, chlorpromazine, mianserin, 
phentolamine, cyproheptadine and yohimbine) were screened at three 
concentrations (0.1 µM, 1 µM and 10 µM) to determine if they were capable of 
antagonizing the receptor when stimulated by 150 nM of tyramine (Figure 5). 
Propranolol was the only compound that enhanced the response of 150 nM of 
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tyramine, but it was not statistically significant. Cyproheptadine and yohimbine 
were the only compounds capable of antagonizing 150 nM of tyramine 
significantly at all three concentrations (0.1 µM, 1 µM and 10 µM) tested (Figure 
5). Mianserin antagonized 150 nM of tyramine at 1 µM and 10 µM (Figure 5). 
Phentolamine antagonized only at 10 µM. Yohimbine antagonized the 150 nM 
and 1 µM tyramine response, which resulted in an IC50 of 45 nM and 280 nM, 
respectively (Figure 6 and Table 3). Phentolamine is capable of inhibiting a 
tyramine response (1 µM); however, it is less effective, compared to yohimbine, 
and resulted in an IC50 of 5,156 nM (Figure 7 and Table 4). Therefore, yohimbine 
is 18-fold more effective at antagonizing the RmTAR1 compared to 
phentolamine.  
Compounds that were able to stimulate or act as agonists to the RmTAR1 
were also examined. Agonists include clonidine, naphazoline, and tolazoline, 
which were screened at 0.1 µM, 1 µM and 10 µM to see if they activated 
RmTAR1, compared to the same concentrations of tyramine (Figure 8). 
Clonidine, naphazoline and tolazoline did not significantly agonize RmTAR1 to 
the same level as tyramine (Figure 8). Naphazoline and tolazoline were able to 
partially agonize RmTAR1at 10µM, just not as strong as tyramine itself. 
Clonidine, naphazoline, and tolazoline were preincubated for 30 min prior to the 
addition of 150 nM tyramine. Tolazoline and naphazoline significantly enhanced 
the 150 nM response of tyramine at all three concentrations (0.1 µM, 1 µM and 
10 µM) as shown in Figure 9. 
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Previously, this putative tyramine receptor had been hypothesized to be 
involved in the resistance to the chemical acaricide amitraz, which is a 
formamidine insecticide/acaricide. Amitraz’s metabolite, BTS-27271, was 
screened at 10 µM and 100 µM and significantly increased the150 nM tyramine 
response by 191±16% and 150±24%, respectively. This agonistic activity was 
only observed in the presence of 150 nM tyramine. 
Discussion 
Reintroduction of R. microplus into the United States would have 
devastating consequences to the cattle industry. To aid in a chemical integrative 
approach to controlling the southern cattle tick there is interest in understanding 
mechanisms of acaricide resistance and identifying new chemistries that either 
target known mechanisms of action or identify new mechanisms of toxic action. 
The results shown here indicate that the once putatively identified octopamine 
receptor from R. microplus is actually a tyramine receptor. Additionally, when this 
tyramine receptor was co-expressed with the Gαqi(5) chimera it resulted in the 
most significant response. The Gαqi(5) uses the Gαi receptor interacting domain; it 
is likely that this tyramine receptor would signal down the pathway that has an 
inhibitory effect on adenylate cyclase, thereby, decreasing the intracellular 
concentration of cAMP. Recent reviews have hypothesized, based on sequence 
data, that this receptor is a TAR1 (this class was previously known as 
octopamine/tyramine or tyramine receptor), which would normally signal through 
the Gαi pathway (Verlinden et al. 2010, Farooqui 2012). Several TAR1 receptors 
have been identified and second messenger pathways analyzed from Drosophila 
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melanogaster (Cazzamali et al. 2005), Bombyx mori (Ohta et al. 2003), Chilo 
suppressalis (Wu et al. 2012), Periplaneta americana (Rotte et al. 2009) and Apis 
mellifera (Blenau et al. 2000). Several of these tyramine receptors had an 
inhibitory effect on adenylate cyclase resulting in a decrease of the intracellular 
concentration of cAMP (Ohta et al. 2003, Cazzamali et al. 2005, Rotte et al. 
2009, Wu et al. 2012). 
Pharmacological characterization of tyramine receptors, like octopamine 
receptors, is performed with agonists and antagonists used for the mammalian 
adrenergic system. Yohimbine is a known α2-adrenergic antagonist, and has 
previously been shown to be effective at blocking the inhibitory effect of tyramine 
on forskolin-stimulated cAMP in heterologous expression systems (Ohta et al. 
2003, Rotte et al. 2009, Wu et al. 2012). Rotte et al. (2009) found that yohimbine 
produced the strongest antagonistic effect followed by chlorpromazine then 
cyproheptadine. However, we find that that yohimbine and cyproheptadine 
produce the strongest antagonistic effect, at the three tested concentrations, 
followed by mianserin (significant antagonism at 1 µM and 10 µM) then followed 
by phentolamine (significant at 10 µM). Phentolamine is widely accepted as a 
more efficient antagonist for octopamine receptors than for tyramine receptors 
(Roeder 2005), which is consistent with our results. Previous reports are similar 
to what we are reporting for the RmTAR1, which is strong antagonism of the 
RmTAR1 receptor by yohimbine and chlorpromazine (Huang et al. 2009).  
The identification of this tyramine receptor, then hypothesized to be an 
octopamine receptor, was investigated for its potential role in amitraz resistance 
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observed in cattle ticks from Australia and the Americas (Baxter and Barker 
1999, Chen et al. 2007). The first identification of the tyramine receptor was in 
Australia, and no point mutations were discovered in the amitraz-resistant strain 
compared to the amitraz-susceptible strain (Baxter and Barker 1999). However, a 
two-point mutation was observed in the Santa Luiza and San Alfonso strain of 
cattle tick, which display two point mutations (T8P and L22S) and are resistant to 
amitraz (Chen et al. 2007). This was hypothesized to have a role in formamidine 
resistance, and this is currently the topic of ongoing studies in our laboratory. 
Octopamine is believed to be the primary target of formamidine metabolites, 
including amitraz’s metabolite BTS-27271. Demethylchlordimeform 
(chlordimeform’s metabolite) did not have an effect on forskolin-stimulated cAMP 
on Bombyx mori’s tyramine receptor when expressed in HEK-293 cells (Ozoe et 
al. 2004). We also did not see any effect of amitraz’s metabolite alone (data not 
shown); however, I saw significant receptor activation when applied in 
combination with 150 nM tyramine (Figure 10). This indicates that BTS-27271 
can have an effect at the tyramine receptor but probably only at the activated 
receptor. Having an understanding of amitraz-resistance may aid in the control of 
the southern cattle tick. Recently, a mutation in a putative R. microplus β-
adrenergic-like octopamine receptor has been hypothesized to have a role in 
amitraz-resistance (Corley et al. 2013). However, functional receptor and 
functional resistance assays have not been conducted against this octopamine 
receptor to date. 
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Figure 1. Expression of RmTAR1 alone and in combination with G-protein 
chimeras. Transient expression of R. microplus tyramine receptor coding 
sequence alone (Gαq) and in combination with G-protein chimeras (Gαqs(5), 
Gαqz(5), Gαqo(5), Gαqi(5)) in CHO cells. Intracellular calcium concentrations were 
measured with a calcium-sensitive fluorescent indicator (relative fluorescent 
units, RFU). Tyramine and octopamine were screened at 1,000 nM to see which 
ligand strongly activated either the receptor alone or the receptor in combination 
with specific G-protein chimeras. Different letters indicate a statistically significant 
response (ANOVA, α=0.05). 
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Figure 2. Concentration-dependent response of transiently expressed 
RmTAR1 plus Gαqi(5). Concentration-dependent response of the expressed 
coding sequence of the R. microplus tyramine receptor and the Gαqi(5) G-protein 
chimera with several concentrations of tyramine (solid black line) and octopamine 
(solid grey line). These two biogenic amines were used to monitor the increase of 
intracellular calcium, using a calcium-sensitive fluorescent dye, measured by 
relative fluorescence units (RFU). CHO cells not transfected with the receptor 
were screened at various concentrations of tyramine (dashed grey line). Data 
analyzed using GraphPad Prism ECanything (F=50 or EC50). 
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Figure 3. Effect of biogenic amines against RmTAR1. Several biogenic 
amines were examined to see if they activated the expressed receptor, and 
increased the intracellular concentration of calcium, using a calcium-sensitive 
fluorescent dye, measured by relative fluorescence units (RFU). CHO cells not 
transfected with the receptor were screened at various concentrations of 
tyramine (dashed grey line). Two-way ANOVA (α=0.05) different letters indicate a 
significant difference. 
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Figure 4. Tyramine concentration-dependent response of CHO cells 
transiently and stably expressing RmTAR1 plus Gαqi(5). Concentration-
dependent response of the expressed coding sequence of the R. microplus 
tyramine receptor and the Gαqi(5) G-protein chimera. This concentration-
dependent response was comparing CHO cells transiently expressing the 
Gαqi(5) G-protein chimera (solid black), and CHO cells stably transfected the R. 
microplus tyramine receptor with the Gαqi(5) G-protein chimera. CHO cells not 
transfected with the receptor were screened at various concentrations of 
tyramine (dashed black line). Data analyzed using GraphPad Prism ECanything 
(F=50 or EC50). 
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Figure 5. Antagonist screening against CHO cells stably expressing 
RmTAR1 and Gαqi(5) G-protein chimera. Cells were stimulated with 150 nM 
tyramine (grey box). Antagonists were pre-incubated with CHO cells for 30 min 
prior to the addition of tyramine. Data was analyzed using a one-way ANOVA 
(α=0.05). An * indicates a statistically significant antagonistic effect, compared to 
150 nM tyramine. 
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Figure 6. Concentration-dependent inhibitory effect of yohimbine against 
cells stably expressing RmTAR1 with Gαqi(5). Yohimbine was incubated for 30 
min prior to the addition of 150 nM tyramine (grey) or 1 µM tyramine (black). Data 
was analyzed with GraphPad Prism using non-linear regression.  
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Figure 7. Concentration-dependent antagonism of yohimbine and 
phentolamine. Concentration-dependent inhibitory effect of yohimbine (grey) 
and phentolamine (black) against cells stably expressing RmTAR1 with Gαqi(5). 
Yohimbine and phentolamine were incubated for 30 min prior to the addition of 1 
µM tyramine. 
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Figure 8. Agonist screening against CHO cells stably expressing RmTAR1 
and Gαqi(5) G-protein chimera. Agonist screens were done in real time to 
determine if they were able to increase the intracellular concentration of calcium, 
which was detected by a calcium fluorescent indicator. Agonist screening was 
performed at three concentrations (0.1 µM, 1 µM, and 10 µM. An * indicates a 
statistically significant agonistic effect, compared to the respective concentration 
of tyramine. 
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Figure 9. Screening of agonists/modulators against RmTAR1. Agonist or 
modulators were preincubated for 30 min prior to the addition of 150 nM of 
tyramine (solid black bar). Screening against CHO cells stably expressing 
RmTAR1 and Gαqi(5) G-protein chimera. Agonist screens were done in real time 
to determine if they were able to increase the intracellular concentration of 
calcium. Screening was performed at three concentrations (0.1 µM, 1 µM, and 10 
µM). An * indicates a statistically significant effect, compared to 150 nM tyramine 
alone. 
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Figure 10. Amitraz metabolite’s effect on RmTAR1 and Gαqi(5). The metabolite 
of amitraz (BTS-27271) was screened against CHO cells stably expressing 
RmTAR1 and Gαqi(5) G-protein chimera at two concentrations (10 µM and 100 
µM). The metabolite enhanced the effect of 150 nM of tyramine. An * indicates a 
statistically significant effect, compared to 150 nM tyramine alone. 
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 EC50 ± SEM 
Tyramine 9 ± 0.9 nM 
Octopamine 351 ± 2 nM 
 
Table 1. EC50 of tyramine and octopamine in transient expression. This table 
shows the EC50 for the concentration-dependent response of tyramine and 
octopamine. The values were obtained when an R. microplus tyramine receptor 
and the Gαqi(5) G-protein chimera were  transiently transfected in CHO cells. 
Octopamine and tyramine activated the receptor at various concentrations of the 
biogenic amine increasing the intracellular calcium concentration, which was 
measured using a calcium-sensitive fluorescent dye. 
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 EC50 ± SEM 95% CI 
Tyramine (transient) 9 ± 0.9 nM (0.1 nM, 764 nM) 
Tyramine (stable) 15 ± 7 nM (5 nM, 10 nM) 
 
Table 2. EC50 of tyramine in stable and transient expression. This table 
shows the EC50 for the concentration-dependent response of tyramine. The 
values were obtained when an R. microplus tyramine receptor and the Gαqi(5) G-
protein chimera were transiently and stably transfected in CHO cells. Tyramine’s 
activation of the receptor resulted in the increase of intracellular calcium 
concentration, which was measured using a calcium-sensitive fluorescent dye. 
  
61 
 
 
 
 
 IC50 ± SEM 95% CI 
Yohimbine (150 nM tyramine) 45 ± 9 nM (1.2 nM, 1605 nM) 
Yohimbine (1,000 nM tyramine) 280 ± 151 nM (73 nM, 1070 nM) 
 
Table 3. EC50 of yohimbine at 150 nm tyramine and 1,000 nM tyramine. This 
table shows the IC50 for the concentration-dependent inhibition of receptor 
activation, normalized to tyramine. The values were obtained when an R. 
microplus tyramine receptor and the Gαqi(5) G-protein chimera were stably 
transfected in CHO cells. Yohimbine inhibited an increase of the intracellular 
concentration of calcium in a concentration-dependent manner. 
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 EC50 ± SEM 95% CI 
Yohimbine 280 ± 151 nM (73 nM, 1070 nM) 
Phentolamine 5,156 ± 969 nM (118 nM, 2.26 x 105 nM) 
 
Table 4. EC50 of yohimbine and phentolamine. This table shows the IC50 for 
the concentration-dependent inhibition of receptor activation, normalized to 
tyramine. The values were obtained when an R. microplus tyramine receptor and 
the Gαqi(5) G-protein chimera were stably transfected in CHO cells. Yohimbine 
and phentolamine inhibited an increase of the intracellular concentration of 
calcium in a concentration-dependent manner. 
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Abstract 
The southern cattle tick (Rhipicephalus microplus) has historically been a 
devastating pest to the cattle industry worldwide. The use of chemical acaricides 
has been the mainstay for controlling the southern cattle tick. However, there 
have been several reports of chemical acaricide resistance.  Therefore, there is a 
need to identify new biochemical targets and new chemistry to aid in the control 
of the southern cattle. Botanically-based compounds may be a safe alternative 
for efficacious control and decreased off-target toxicity. Here, we report the use 
of Chinese hamster ovary (CHO) cells expressing the southern cattle tick’s 
tyramine receptor with a G-protein chimera, which was used to screen botanical 
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terpenoid compounds. Cedryl acetate, 1,4-cineole, carvacrol and isoeugenol 
were discovered to be positive modulators that increased the response of the 
endogenous ligand, tyramine. 
Introduction 
The southern cattle tick (Rhipicephalus (Boophilus) microplus) is an 
external parasite capable of transmitting the causative agents (Babesia spp.) that 
can result in bovine babesiosis, also referred to as cattle fever or red water fever. 
The United States has essentially eradicated the southern cattle tick (R. 
microplus) with the exception of a permanent quarantine zone, which lies along 
the Texas-Mexico border. Coumaphos, an organophosphate 
insecticide/acaricide, has been the primary tool used by the Cattle Fever Tick 
Eradication Program (CFTEP) in the United States. However, other chemical 
insecticides, both within but especially outside of the U.S. have been used, which 
has resulted in widespread acaricide resistance to a variety of acaricide classes 
(Miller et al. 2005, Li et al. 2007, Miller et al. 2007a, Miller et al. 2007b, 
Rodriguez-Vivas et al. 2007, Temeyer et al. 2007, Cossio-Bayugar et al. 2008, 
Guerrero and Nene 2008, Li et al. 2008, Miller et al. 2008, Rosario-Cruz et al. 
2009, Guerrero et al. 2012, Corley et al. 2013). What is most concerning, with 
regards to acaricide resistance, is the report of a “super tick” that has become 
resistant, probably through high selective pressure, to multiple acaricides with 
different biochemical mechanisms of action (Fernandez-Salas et al. 2012). 
The increase of acaricide resistance in the southern cattle tick has 
resulted in an urgent need to find chemical alternatives, including new chemistry, 
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to be used in an integrative approach to control the southern cattle tick. Chemical 
alternatives may include the use of botanical acaricides.  Recently, there has 
been a growing interest in the use of botanical acaricides, particularly essential 
oils, to aid in the control of R. microplus and R. annulatus (Prates et al. 1998, 
Pirali-Kheirabadi et al. 2009, Silva et al. 2009, de Ferraz et al. 2010, Martinez-
Velazquez et al. 2011, Ribeiro et al. 2011, Lebouvier et al. 2013, Righi et al. 
2013). For instance, the essential oil from cumin seeds (Cuminum cyuminum) 
and allspice berries (Pimenta dioica) resulted in 100% mortality at concentrations 
between 2.5% and 20% (v/v). However, not all essential oils are toxic to the 
southern cattle tick; the essential oil from basil leaves did not display any toxicity 
at concentrations up to 20% (v/v) (Martinez-Velazquez et al. 2011). Prates et al. 
investigated the toxicity of components from molasses grass (Melinis minutiflora), 
and found that some individual components (1,8-cineole) were able to result in 
100% mortality alone (Prates et al. 1998). Additionally, it was suggested that 
essential oils have a synergistic activity to the benzopyran precocene II, which is 
found in Calea serrate essential oil (Ribeiro et al. 2011). While toxicity and 
repellency of plant essential oils and their terpenoid constituents have been 
recognized for some time; the precise biochemical mechanism of action has yet 
to be fully understood, especially in ticks.  In fact, several mechanisms of toxic 
action have been proposed, which include the inhibition of acetylcholinesterase 
(Miyazawa et al. 1997, Miyazawa and Yamafuji 2005, Picollo et al. 2008, 
Siramon et al. 2009, Fujiwara et al. 2010a, Lopez and Pascual-Villalobos 2010), 
activity at the γ-aminobutyric acid (GABAA) receptor (Priestley et al. 2003, Tong 
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and Coats 2010, 2012), the nicotinic acetylcholine receptor (Tong et al. 2013), 
inhibition of the transient receptor potential (TRP) channels (Parnas et al. 2009), 
invertebrate octopamine receptors (Enan 2001, Kostyukovsky et al. 2002, Enan 
2005b, Gross 2010, Gross et al. 2013) and tyramine receptors (Enan 2005a). 
While essential oils have less toxicity, compared to conventional synthetic 
acaricides, they can still be effective at controlling the southern cattle tick.  
Additionally, essential oils may provide an increased level of safety for cattle,  
non-target organisms and the environment, when compared to conventional 
synthetic acaricides. 
Tyramine is a biogenic monoamine that has been found in a variety of 
invertebrates, including insects. Tyramine was initially thought to be only 
important in the synthesis of octopamine; however, tyramine has been shown to 
be biologically active independent of octopamine (Roeder et al. 2003, Roeder 
2005, Verlinden et al. 2010, Farooqui 2012). While diverse physiological effects 
of octopamine are known in insects, tyramine is less characterized.  Additionally, 
little is known about the physiology of the tyraminergic and octopaminergic 
systems in ticks.  A putative octopamine receptor, now identified as a tyramine 
receptor (Chapter 2), has been identified in R. microplus (Baxter and Barker 
1999, Chen et al. 2007). In addition, tyramine receptors have been identified in a 
variety of organisms including Drosophila melanogaster (Cazzamali et al. 2005, 
Bayliss et al. 2013), Bombyx mori (Ohta et al. 2003, Huang et al. 2009), Chilo 
suppressalis (Wu et al. 2012), Periplaneta americana (Rotte et al. 2009) and Apis 
mellifera (Blenau et al. 2000). The objective of this study was to determine if 
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essential oil terpenoids interact with a tyramine receptor from the southern cattle 
tick. 
Materials and Methods 
Chemicals 
 Chemicals were purchased from Sigma-Aldrich unless otherwise 
noted: (+)α-pinene 98%, isoeugenol 98%, eugenol acetate (Berje Inc., Carteret, 
NJ), carvacrol 98%, vanillin 99%, piperonyl alcohol 98%, citronellic acid 98%, 
camphor 96%, ±-linalool 98%, piperonal 98%, (+)-cedryl acetate 90%, limonene 
97%, (±)-limonene oxide (97%), 1,4-cineole (85%) and (+)-pulegone (97%). Test 
compounds were prepared in DMSO, and then serially diluted in Hank’s 
Balanced Salt Solution (HBSS, Life Technologies, Carlsbad, CA).  The final 
concentration of DMSO used in experiments (exposed to cells) was 0.1%. 
Compounds were prepared once and frozen (-20˚C) prior to use, compounds 
were thawed only once for use in assays. 
Cloning, CHO cell culture and transfection  
The southern cattle tick tyramine receptor, RmTAR1, was originally 
isolated from an amitraz-susceptible strain that originated in Zapata County, 
Texas (Gonzalez strain). RmTAR1 was cloned into a pCDNA3.1(-) expression 
vector (Life Technologies, Carlsbad, CA) for expression in Chinese hamster 
ovary (CHO or CHO-K1) cells (ATCC, Manassas, VA). Cell culture materials 
were obtained from Life Technologies (Grand Island, NY), unless otherwise 
stated. CHO cells were maintained in a NuAire humidified water jacket incubator 
(Plymouth, MN); the incubator was maintained at normal cell growth conditions at 
68 
 
37°C, 90% humidity and 5% CO 2. The normal cell growth medium consisted of 
1X Ham’s F12K (Kaighn’s modification) medium supplemented with 10 mM 
HEPES (N-2-hydroxyethylpiperazine-N’-2-ethanesulfonic acid). CHO cells were 
subcultured when cell confluency reached 80%-90%. 
Stable transfection of CHO cells with RmTAR1 along with a Gαqi(5) G-
protein chimera was performed in 6-well cell culture plates (Corning).  Cells were 
transfected using Lipfectamine 2000® with OPTI-MEM supplement with normal 
cell growth medium, according to the manufacturer’s protocols.  Cells were 
transfected with 2.5 µg of RmTAR1 and Gαqi5 plasmid DNA. Transfected cells 
were maintained in normal growth medium containing 100 µg/mL of Geneticin® 
(G418 sulfate; Corning).  Single-cell colonies were selected in 96-well plates over 
four weeks. Successfully stably transfected cells were determined with a calcium 
mobilization assay and by RT-PCR. 
Calcium Mobilization Assay 
  CHO cells stably transfected, as described in Chapter 2, with RmTAR1 
and Gαqi(5) were counted using a Countess® Automatic Cell Counter (Life 
Technologies), according to manufacturer’s protocols.  CHO cells were placed 
into a black-wall clear-bottom 96-well plate (Corning) at a cell density of 27,500 
cells per well, total volume of 100 µL. Cells were incubated, at normal cell culture 
conditions, for 24-hr prior to performing the calcium mobilization assay.  The 
calcium mobilization assay was performed with a Fluo-4 NW Calcium Assay Kit 
(Life Technologies), according to the manufacturer’s protocol.  Briefly, the cells 
were incubated in HBSS (Hank’s Balanced Salt Solution), 20 mM HEPES, a 
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calcium-sensitive dye (Fluo-4) and 2.5 mM probenecid; cells were incubated in 
this medium for 90 min at 37°C prior to the start o f the assay.  Fluorescence was 
monitored using a FlexStation 1 (Molecular Devices, Sunnyvale, CA).  Basal 
fluorescence was monitored for 20 s prior to the addition of screening 
compounds.  The fluorescence readings were measured every 1.5 s for 120 s. 
Data analysis  
A minimum of six wells per plate with a minimum of four plates were 
utilized for each treatment. Each plate contained a blank, 4 wells containing the 
calcium fluorescent indicator, probenecid and HBSS with HEPES buffer (10 mM).  
Each plate also had 4 wells that contained cells expressing the receptor and 
chimeric G-protein exposed to the vehicle.  Non-receptor mediated effects were 
monitored for each treatment and consisted of cells not expressing the receptor 
(regular CHO-K1 cells).  Concentration-response curves were analyzed in 
GraphPad Prism (La Jolla, CA).  One-way ANOVA (α=0.05) and a paired t-test 
were used to test the data for statistically significant differences using SAS 9.3 
(Cary, NC). Student-Newman-Keuls (SNK) post-hoc analysis was used to 
determine significant difference between treatments with 95% confidence 
(α=0.05).  
Results 
RmTAR1 was successfully expressed and coupled to a chimeric Gαqi(5) 
protein; recently a pharmacological assessment of RmTAR1 has been described 
(Chapter 2). A tyramine concentration-dependent response of CHO cells stably 
expressing RmTAR1 along with the G-protein chimera (Gαqi(5)) was observed.  
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This tyramine concentration-dependent response resulted in an EC50 of 15 nM. 
Cells stably expressing the receptor provide a  system, amenable to high-
throughput screeningfor analysis of compounds to examine their ability to interact 
with the tyramine receptor. 
Monoterpenoids (Figure 1), related aromatic compounds (Figure 2) and a 
sesquiterpenoid (Figure 3) were examined as potential ligands against CHO cells 
stably expressing RmTAR1 plus the G-protein chimera. A variety of chemical 
substituents, including non-oxygenated terpenoids, ketone, oxide, aldehyde, 
ether, acid and alcohol were examined (Figures 1-3). Screening of essential oil 
terpenoids was performed to see if they could interact with the receptor alone 
(agonist screen) or interact with or modulate the tyramine receptor in the 
presence of the receptor’s endogenous ligand, tyramine. Agonist screening was 
performed at a single concentration of 10 µM, and calcium fluorescence was 
monitored in real-time (Figure 5), whereas antagonist/modulation screening was 
performed at 10 µM and 100 µM, and the compounds were preincubated with 
cells for 30 min prior to the addition of 150 nM tyramine (Figure 6 and Figure 7).   
The ability of terpenoids to activate the receptor alone, in the agonist 
screen, at 10 µM was  studied.  Pulegone was the only compound to have a 
statistically significant effect at 10 µM, compared to the vehicle (Figure 5). 
Pulegone was able to increase the relative fluorescence, presumably by 
interacting with the expressed tyramine receptor (RmTAR1), which interacted 
with the expressed Gαqi(5) chimera resulting in the increase of intracellular 
calcium. α-Pinene was able to numerically decrease the intracellular calcium, 
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compared to the vehicle, but this was not statistically significant. Agonist 
screening was not performed at 100 µM because of the high fluorescence of 
compounds in cells not expressing RmTAR1; however, these off-target effects 
were not observed when compounds were pre-incubated. 
Terpenoids were also screened as antagonists or modulators against the 
expressed tyramine receptor (RmTAR1); data are shown in Figure 6 for 10 µM 
and Figure 7 for 100 µM.  For the antagonistic or modulator screening, 
compounds were incubated with CHO cells expressing the RmTAR1 and G-
protein chimera, for 30 minutes, and calcium fluorescence was monitored with 
the addition of tyramine at 150 nM; data were normalized to the 150-nM tyramine 
response (100%). At 10 µM, two compounds (carvacrol and isoeugenol) were 
able to significantly increase the tyramine response. Carvacrol and isoeugenol 
increased calcium fluorescence, elicited by 150 nM tyramine, by 320% and 337% 
respectively (Figure 6). Three terpenoids (1,4-cineole, pulegone, citronellic acid) 
decreased the calcium response caused by tyramine; however, this decrease 
was not statistically significant (Figure 6). Antagonistic or +/- modulatory effects 
of essential oil terpenoids were also examined at a terpenoid concentration of 
100 µM; tyramine concentration remained at 150 nM (Figure 7). Four terpenoids, 
cedryl acetate, 1,4-cineole, carvacrol and isoeugenol increased the 150 nM 
tyramine response significantly to 189%, 278%, 304% and 327%, respectively. 
Cedryl acetate, a sesquiterpenoid containing an ester (Figure 3), was of 
particular interest for further investigation. Cedryl acetate was preincubated for 
30 min with 10 µM (Figure 8) and 100 µM (Figure 9) and calcium fluorescence 
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was monitored with various concentrations of tyramine to monitor concentration-
dependent changes, compared to tyramine alone. Tyramine alone has an EC50 of 
15 ± 7 nM; there is little change with the incubation of 10 µM cedryl acetate, 
which has an EC50 of 86 ± 70 nM (Figure 8 and Table 1).  However, 
preincubation of 100 µM cedryl acetate shifted the tyramine concentration-
dependent curve to the right resulting in an EC50 of 4,343 ± 3,144 nM (Figure 9). 
Discussion 
The growing resistance and development of a “super-resistant southern 
cattle tick” (Fernandez-Salas et al. 2012), along with increased public concern 
about the safety of conventional pesticides, has resulted in the need to identify 
new and safer alternatives to control pests in the food supply, including the 
southern cattle tick. Several essential oils have been shown to be toxic to the 
cattle tick (R. annulatus) and the southern cattle tick (R. microplus) (Prates et al. 
1998, Pirali-Kheirabadi et al. 2009, Silva et al. 2009, de Ferraz et al. 2010, 
Martinez-Velazquez et al. 2011, Ribeiro et al. 2011, Lebouvier et al. 2013, Righi 
et al. 2013). In addition to naturally occurring structures, it is possible that 
synthetic derivatives could be designed to find optimized chemical structures to 
fit biochemical targets. Here, we report an expression system for the southern 
cattle tick’s tyramine receptor (RmTAR1), and present evidence for potential 
biopesticide targets.  In general, GPCRs, including tyramine receptors, are an 
underutilized and novel target for agrochemical discovery. 
Monoterpenoids and related aromatic compounds (p-cymene, thymol, L-
carvone, α-terpineol and carvacrol) were previously investigated against a 
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tyramine receptor from Drosophila melanogaster, which was expressed in 
Drosophila S2 cells (Enan 2005a). This D. melanogaster receptor is a tyramine-1 
receptor having an inhibitory effect on intracellular cAMP concentrations. 
Additionally, intracellular calcium modulation was also investigated for interaction 
with plant terpenoids. Binding at the D. melanogaster tyramine-1 receptor was 
significantly inhibited by carvacrol, and other terpenoids.  Additionally a decrease 
of the basal level of cAMP and an increase in the intracellular concentration of 
calcium at 25 µM of terpenoids was reported (Enan 2005a). We also screened 
the aromatic monoterpenoid carvacrol; however, we did not find agonistic effects 
at 10 µM, and observed off-target effects at higher concentrations. On the other 
hand, carvacrol, in the presence of 150 nM tyramine, significantly increased the 
amount of calcium released when preincubated with RmTAR1 expressing CHO 
cells at 10 µM and 100 µM. Since carvacrol is effective in the presence of the 
endogenous ligand, tyramine, this indicates that carvacrol preferentially binds  to 
the activated receptor; we have previously described this effect with an American 
cockroach octopamine receptor when this receptor is constitutively active and 
expressed in yeast cells (Gross 2010, Gross et al. 2013). 
Cedryl acetate at 100 µM increased the EC50 of tyramine 290 fold, which 
suggests that cedryl acetate, in the presence of a tyramine activated receptor, 
interacts with the receptor and decreases receptor activity. Therefore, several 
compounds that were screened at 100 µM and identified to have a significant 
effect, such as 1,4-cineole, carvacrol and isoeugenol (Figure 7) may modulate 
the activated receptor and should be the focus of future studies. Allosteric 
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modulators have been reported previously for mammalian GPCRs, and are 
characterized as altering the concentration-response curve to the right or to the 
left, depending on the modulation type (May et al. 2007). As previously 
mentioned, there are several potential biochemical mechanisms of action for 
botanical terpenoids (Miyazawa et al. 1997, Enan 2001, Kostyukovsky et al. 
2002, Priestley et al. 2003, Enan 2005b, Enan 2005a, Miyazawa and Yamafuji 
2005, Picollo et al. 2008, Siramon et al. 2009, Fujiwara et al. 2010b, Gross 2010, 
Lopez and Pascual-Villalobos 2010, Tong and Coats 2010, 2012, Tong and 
Bloomquist 2013, Tong et al. 2013).  Here we show a single mechanism of 
action.  Therefore, further studies should examine additional receptor targets in 
the southern cattle tick. Exploitation of multiple mechanisms of action may 
reduce acaricide resistance and may be beneficial by slowing the development of 
resistance with the use of essential oils or terpenoids with different chemical 
profiles and mechanisms of action. Finally, essential oils may be formulated for 
use in cattle dips or in the four-poster deer treatment bait station. There is 
evidence that essential oils may be adapted to increase the efficacy of synthetic 
compounds (see Chapter 4, unpublished data), but this needs to be further 
investigated in the southern cattle tick. 
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Figure 1. Monoterpenoid chemical structures.
A variety of chemical structures, with different functional groups, were 
investigated against recombinant RmTAR1 expressed in CHO cells.
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 Figure 2. Aromatic monoterpenoid chemical structures.
A variety of chemical structures, with different functional groups, were 
investigated against recombinant RmTAR1 expressed in CHO cells.
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Figure 3. Sesquiterpenoid chemical structure.
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Figure 4. Tyramine concentration-dependent response of RmTAR1 stably 
expressing CHO cells. Various concentrations of tyramine were tested against 
CHO cells stably expressing RmTAR1 and a G-protein chimera. An EC50 of 15 
nM for tyramine is observed in CHO cells stably expressing RmTAR1 and Gαqi(5). 
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Figure 5. Terpenoids as agonists against RmTAR1 and a G-protein chimera. 
Here several monoterpenoids, related aromatic compounds and a 
sesquiterpenoid were screened at 10 µM to determine if they could activate or 
agonize CHO cells stably expressing RmTAR1 plus Gαqi(5). An * indicates a 
statistically significant difference, compared to the vehicle (0.1% DMSO). 
Analysis was performed with one-way ANOVA (α=0.05).  
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Figure 6.Terpenoids screened as antagonists or modulators at 10 µM. Here 
several monoterpenoids, related aromatic compounds and a sesquiterpenoid 
were incubated at 10 µM for 30 min prior to the addition of 150 nM tyramine. This 
was performed to see if the terpenoid would act as an antagonist or modulator to 
CHO cells stably expressing RmTAR1 plus Gαqi(5). An * indicates a statistically 
significant difference, compared to the vehicle (0.1% DMSO). Analysis was 
performed with one-way ANOVA (α=0.05).  
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Figure 7. Terpenoids screened as antagonists or modulators at 100µM. 
Here several monoterpenoids, related aromatic compounds and a 
sesquiterpenoid were incubated at 100 µM for 30 min prior to the addition of 150 
nM tyramine. This was performed to see if the terpenoid would act as an 
antagonist or modulator to CHO cells stably expressing RmTAR1 plus Gαqi(5). An 
* indicates a statistically significant difference, compared to the vehicle (0.1% 
DMSO). Analysis was performed with one-way ANOVA (α=0.05).  
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Figure 8. Tyramine concentration-dependent response alone and with 10 
µM cedryl acetate. Tyramine was screened at several concentrations to obtain a 
concentration response curve. Tyramine response alone (black line) is in the 
absence of cedryl acetate, and the grey line is in the presence of 10 µM cedryl 
acetate. 
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Figure 9. Tyramine concentration-dependent response alone and with 100 
µM cedryl acetate. Tyramine was screened at several concentrations to obtain a 
concentration response curve. Tyramine response alone (black line) is in the 
absence of cedryl acetate, and the grey line is in the presence of 100 µM cedryl 
acetate. 
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CHAPTER 4. Essential oils enhance the toxicity of permethrin 
against Aedes aegypti and Anopheles gambiae. 
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Abstract 
The use of naturally occurring compounds to aid in the management of 
mosquitoes has become of interest, as a result of insecticide resistance along 
with public concern over the safety and environmental impacts of conventional 
insecticides. Here we show the potential for several essential oils to enhance the 
efficacy of synthetic compounds more effectively than piperonyl butoxide (PBO), 
which is the commercial standard synergist. Essential oil mixtures at 1% and 5% 
were screened with a discriminating dose of permethrin against susceptible 
female adults of two important mosquito vectors, Anopheles gambiae and Aedes 
aegypti. The results indicate the possibility of using natural compounds to 
enhance the synthetic pyrethroid insecticide permethrin by enhancing mortality 
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and knockdown. The benefit of using essential oils is the decrease of 
conventional synthetic formulations, such as PBO. 
Introduction 
Mosquitoes are capable of transmitting deadly and debilitating diseases 
throughout the world, and are therefore a public health concern. For instance, 
Anopheles gambiae, which is the primary vector of malaria (Plasmodium spp.) in 
Sub-Saharan Africa, resulted in 225 million cases and nearly 1 million deaths in 
2010 (WHO, Malaria Fact Sheet). The yellow fever mosquito or Aedes aegypti 
vectors the arbovirus that results in dengue fever and dengue hemorrhagic fever, 
two of the most significant tropical infectious diseases after malaria (Gubler 
1998). The primary mechanism to control the mosquito has been the use of 
chemical and biologically-derived insecticides. The use of 
dichlorodiphenyltricholorethane (DDT) helped eliminate many dangerous 
mosquito-borne illnesses from the developed world, but has not been as 
successful in developing countries, probably related to mosquito resistance, 
compliance and environmental concerns with DDT (Attaran et al. 2000). 
Pyrethroid insecticides are commonly used in developed and developing 
countries to control mosquitoes, along with other arthropod pests.  The use of 
synergists, such as the commercial standard piperonyl butoxide (PBO), are 
beneficial because synergists can reduce the cost of products by the need for 
less active ingredient(s), can increase the spectrum of activity of the active 
ingredient among pests and often assist in overcoming resistance (Metcalf 1967). 
PBO is believed to work by inhibiting the metabolism of the active ingredient by 
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microsomal oxidation via cytochrome-P450-dependent monooxygenase 
enzymes (Metcalf 1967, Matthews and Casida 1970). Recently there is interest in 
finding alternatives that work better or similarly to PBO. This interest is partially 
driven by a study that took personal air samples of pregnant women to measure 
exposure to PBO, which had a negative association with neonatal neuronal 
development (Horton et al. 2011). 
The use of botanically-based pesticides to aid in controlling mosquito 
vectors has become of interest. In fact, a recent review has described over 350 
plant essential oils from over 250 plant species that were tested as larvicides 
against Ae. aegypti; more than half of the tested essential oils displayed activity 
(Dias and Moraes 2013). Additionally, microemulsion formulations have been 
prepared from essential oil terpenoids, and were effective against Culex pipiens  
(Montefuscoli et al. 2013). Plant-based products have also become attractive 
alternatives in the development of mosquito repellents (Rehman et al. 2014). It is 
evident that natural products have played a role in the development of insecticide 
synergists because PBO itself was structurally optimized based on naturally 
occurring compounds from sesame oil (Tozzi 1999). Additionally, other essential 
oils, and essential oil terpenoids, have been reported to have synergistic 
properties against arthropods (Belzile et al. 2000, Joffe et al. 2012, Tong and 
Bloomquist 2013). Furthermore, synergistic effects between essential oil 
terpenoids themselves, both tested topically and as fumigants, have been 
reported (Pavela, 2008). The objective of the present study was to screen 
essential oils applied topically at two concentrations (1% and 5%) to determine if 
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they could enhance the toxicity of permethrin against adult females of the 
mosquitoes Ae. aegypti and An. gambiae. 
Materials and Methods 
Mosquitoes 
The yellow fever mosquito, Aedes aegypti (Liverpool strain), and the 
African malaria mosquito, Anopheles gambiae (G3 strain), were used from  
established laboratory colonies. Both species of mosquito were susceptible to 
chemical insecticides. Mosquito rearing was performed according to established 
rearing protocols maintained by Iowa State University’s Medical Entomology 
Laboratory, Ames, IA.  
Chemicals 
Permethrin (technical material) along with essential oils were obtained 
from our industrial partner, EcoSMART Technologies Inc., Roswell, GA. 
Essential oils and permethrin solutions (alone and in combination) were prepared 
in certified acetone (Thermo Fisher Scientific, Waltham, MA). A discriminating 
dose, which resulted in mortality between 10% and 40% was determined for 
each species of mosquito; this dose was used to determine any enhancement of 
mortality by the essential oils. The discriminating dose was 0.179 ng/mg 
mosquito body weight and 0.223 ng/mg mosquito body weight for Ae. aegypti 
and An. gambiae, respectively. Essential oils, along with PBO, were tested at two 
concentrations, 1% and 5%. Mixtures of essential oil and permethrin were made 
fresh weekly. 
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Mosquito topical bioassay 
Topical applications were performed on un-fed adult female mosquitoes, 
2-5 days post-emergence. Topical bioassays were performed with a Hamilton 
PB600 repeating dispenser equipped with a 10 µL gastight Hamilton syringe.   A 
volume of 0.2 µL of test material or vehicle control was applied to the pronotum 
of each mosquito; mosquitoes were cold-anesthetized for handling.  Once 
treated, mosquitoes were transferred into a paper cup with a mesh top, and were 
placed in an environmentally controlled incubator (80% relative humidity, 27°C 
under a 16 hr light/8 hr dark cycle). Mosquitoes were supplied with a cotton ball 
moistened with 10% sucrose for sustenance during the test period (24-hr).  
Mosquito knockdown, defined as the mosquito’s lack of normal behavior and 
motility, was recorded 1-hr after application of test compounds (mortality was not 
excluded from the knockdown count). Mortality was determined 24hr after 
application of test compounds. If control mortality from topical application of 
acetone vehicle was greater than 10%, data were not used from that test group. 
Abbot’s modification was performed to control for mosquito mortality in the 
control. 
Data analysis 
Knockdown and mortality were calculated from three to six replicates, 
each replicate containing 25 individual adult female mosquitoes; replicates were 
used from a minimum of three rearing cohorts. Enhancement of the 1% and 5% 
mixture of essential oil (or PBO) was calculated using Equation 1.  When 
enhancement is positive, it is enhancing the effect (mortality or knockdown) 
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compared to permethrin alone.  When enhancement is negative, it is reducing 
the effect (mortality or knockdown) compared to permethrin alone.  The goal was 
to identify essential oils that performed better than PBO. A two-way ANOVA 
(α=0.05) interaction of toxicity and date of treatment was tested, and a paired t-
test was used to test the data for statistically significant differences from PBO 
using SAS 9.3 (Cary, NC).  
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EQUATION 1 
 
Results 
Mortality and Knockdown (KD) of 1% and 5% mixtures against An. gambiae 
The efficacy of essential oils on the enhancement (positive value per 
Equation 1) or reduction (negative value per Equation 1) were tested using a 
discriminating dose of permethrin (0.223 ng/mg) and two concentrations (1% and 
5%) of the “enhancer.” Origanum and patchouli essential oils, at 1%, significantly 
enhanced An. gambiae 24-hr mortality by 650 ± 125% and 458 ± 30%, 
respectively. A 1% PBO treatment enhanced 24-hr mortality to 137 ± 46% 
(Figure 1). A 5% treatment of origanum, amyris, guaiac wood, clove bud, cassia 
or anise essential oils significantly enhanced permethrin’s effect on 24-hr 
mortality significantly to 3,967 ± 100%, 1,238 ± 52%, 1,050 ± 44%, 848 ± 39%, 
813 ± 10%, 766 ± 114%, respectively. PBO at 5% enhanced permethrin’s 
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mortality 325 ± 97% (Figure 2). Geranium and cedar wood (Texas) essential oil  
at 5% significantly reduced the 24-hr mortality of An. gambiae (Figure 2). 
Essential oil/permethrin mixtures, along with a mixture of the commercial 
standard PBO and permethrin, were analyzed for their ability to knock down 
mosquitoes 1hr after application. Four essential oils, at 1%, significantly 
enhanced permethrin’s 1-hr knockdown compared to PBO (which  enhanced 
permethrin’s 1-hr knockdown by 57 ± 44%). These essential oils include 
origanum, clove bud, cassia and anise, and resulted in enhancing the 1-hr 
knockdown of permethrin by 1167 ± 135%, 475 ± 38%, 650 ± 194% and 807 ± 
308%, respectively (Figure 3). Permethrin-plus-essential oil mixtures at 5% 
resulted in ten essential oil mixtures that significantly enhanced the 1-hr 
knockdown of permethrin more than PBO; PBO enhanced 1-hr knockdown by 
325 ± 97%. Origanum, guaiac wood, clove bud, catnip, cedar wood (Moroccan), 
cedar wood (Texas), peppermint, cassia, amyris and anise essential oils 
enhanced the 1-hr knockdown of permethrin against An. gambiae by 3,967 ± 
100%, 3,050 ± 260%, 1,873 ± 27%, 1,527  ± 208%, 1,400 ± 324%, 1,183 ± 81%, 
1,133 ± 338%, 1,100 ± 29%, 1,063 ± 24% and 73 ± 11%, respectively (Figure 4). 
A side-by-side comparison of the 24-hr mortality and 1-hr knockdown of 
permethrin-and-essential oil mixtures at 1% and 5% against An. gambiae is 
shown in Figure 5 and Figure 6, respectively. Origanum or patchouli essential oil 
plus permethrin resulted in a statistically significantly higher 24-hr mortality and 
1-hr knockdown compared to PBO. Clove bud or cedar wood (Moroccan) 
essential oil mixtures were only significant with 1-hr knockdown and not 24-hr 
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mortality (Figure 5). A side-by-side comparison of 24-hr mortality and 1-hr 
knockdown of 5% mixtures was also performed (Figure 6). Origanum, amyris, 
guaiac wood, clove bud and cassia essential oil mixtures resulted in significantly 
higher 24-hr mortality and 1-hr knockdown, compared to PBO. Anise essential oil 
had a high 24-hr mortality but a low 1-hr knockdown, whereas, catnip, cedar 
wood (Moroccan), peppermint, and cedar wood (Texas) had a significantly higher 
1-hr knockdown but not 24-hr mortality, compared to PBO (Figure 6). 
A select number of essential oils were chosen to more closely investigate 
the enhancement effect observed; essential oils were compared alone and in 
combination with permethrin (Figures 7-13). Amyris essential oil, alone and in 
combination with permethrin, did not have a significant effect on the 24-hr 
mortality or 1-hr knockdown against An. gambiae (Figure 7). This observation 
was also seen with guaiac wood essential oil (Figure 8), clove bud essential oil 
(Figure 9), cassia essential oil (Figure 10), anise essential oil (Figure 11) and 
patchouli essential oil (Figure 12). PBO alone at 1% and 5% resulted in 
significantly higher mortalities than permethrin alone, which was not enhanced in 
combination with permethrin. PBO alone and in mixture displayed similar 1-hr 
knockdown (Figure 13). 
Mortality and Knockdown (KD) of 1% and 5% mixtures against Ae. aegypti 
The efficacies of essential oils , at two concentrations (1% and 5%), were 
used to measure enhancement (positive value per Equation 1) or reduction 
(negative value per Equation 1) of permethrin, which was applied at a 
discriminating dose of 0.179 ng/mg, against Ae. aegypti. Essential oils  at 1% 
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with the discriminating dose of permethrin did not result in any mixtures that  
significantly enhanced the 24-hr mortality of permethrin, compared to PBO 
against Ae. aegypti (Figure 14). However, several essential oils, which included 
rosemary, cassia, cedar leaf, catnip and sesame oil, reduced the 24-hr mortality 
of permethrin at 1%, compared to PBO (Figure 14). However, 5% essential oils 
resulted in several essential oils enhancing the 24-hr mortality of permethrin 
significantly more than PBO. The essential oils Litsea cubeba, geranium, cedar 
wood (Texas), clove bud, patchouli, origanum and basil enhanced the 24-hr 
mortality by 314 ± 59%, 271 ± 38%, 200 ± 44%, 194 ± 86%, 185 ± 23%, 178 ± 
50% and 175 ± 18%, respectively (Figure 15).  
The ability of essential oils to enhance or reduce the knockdown was also 
examined for mixtures at 1% (Figure 16) and mixtures at 5% (Figure 17). 
Mixtures of permethrin with PBO resulted in a reduction of knockdown to -99 ± 
1% for both concentrations (Figure 16 and Figure 17). Fourteen essential oil 
mixtures at 1% both enhanced the knockdown effect, against Ae. aegypti and 
enhanced mortality. These essential oil mixtures were geranium, nutmeg, cedar 
wood (Texas), parsley seed, clove bud, amyris, cedar wood (Moroccan), cedar 
leaf, cedar wood (Chinese), sassafras, orange, worm wood, thyme and sandal 
wood, which enhanced the 1-hr knockdown of permethrin by 113 ± 34%, 50 ± 
12%, 39 ± 15%, 33 ± 32%, 33 ± 9%, 24 ± 17%, 23 ± 31%, 21 ± 1%, 19 ± 28%, 18 
± 29%, 10 ± 22%, 7 ± 5%, 7 ± 5%, 7 ± 21% and 0 ± 27%, respectively (Figure 
16). Several essential oil plus permethrin mixtures at 5% also enhanced the 1-hr 
knockdown effect of permethrin, significantly higher than PBO and greater than 
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0%.  These essential oils include L. cubeba (367 ± 84%), clove bud (350 ± 47%), 
geranium (227 ±12%), cinnamon leaf (202 ± 29%), origanum (156 ± 37%), 
patchouli (129 ± 13), basil (77 ± 20%), nutmeg (77 ± 20%), cedar leaf (70 ± 
10%), cedar wood (Texas) (68 ± 24%), thyme (59 ± 10%), cedar wood (Chinese) 
(46 ± 39%), sassafras (45 ± 21), orange (37 ± 11), cedar wood (Moroccan) (16 ± 
27%), cassia (9 ± 45), sandalwood (7 ± 18%), amyris (4 ± 14%) and lemongrass 
(4 ± 25%). 
Side-by-side comparisons of the 24-hr mortality and 1-hr knockdown effect 
were performed with essential oil mixtures, against Ae. aegypti, at 1% (Figure 18) 
and 5% (Figure 19), and were compared to the commercial standard PBO.  
Permethrin’s 1-hr knockdown effect was significantly enhanced by several 
essential oils, most of which resulted in 24-hr mortality that was similar to that of 
PBO (Figure 18). Cedar leaf was the only essential oil that had an enhanced 1-hr 
knockdown but a significant decrease in mortality (Figure 18). Side-by-side 
comparisons were also performed for essential oil/permethrin mixtures that 
resulted in a significant enhancement of 1-hr knockdown or 24-hr mortality at 5% 
(Figure 19). At 5%, six essential oil mixtures (L. cubeba, geranium, cedar wood 
(Texas), clove bud, patchouli and origanum) with permethrin resulted in a 
significant effect in both the 1-hr knockdown and 24-hr mortality (Figure 19). One 
essential oil mixture (basil) resulted in a significant enhancement of the 24-hr 
mortality but reduced the 1-hr knockdown (Figure 19). Cinnamon leaf essential 
oil mixed with permethrin had a statistically significant effect on the 1-hr 
100 
 
knockdown but resulted in reduced 24-hr mortality, compared to PBO (Figure 
19). 
Similar to An. gambiae, several essential oils alone and in combination 
were analyzed to examine if the toxicity was synergistic or due to the inherit 
toxicity of the essential oil themselves, at the tested concentrations (Figures 20-
24). Cedar wood (Texas) 24-hr mortality was numerically lower than permethrin 
but not statistically different; a 1% mixture of cedar wood (Texas) essential oil 
plus permethrin was numerically higher but not statistically significant from 
permethrin alone. However, a 5% mixture of cedar wood (Texas) generated 
statistically enhanced toxicity, causing higher 24-hr mortality of Ae. aegypti 
(Figure 20). For cedar wood (Texas), 1-hr knockdown was enhanced at both 1% 
and 5% (Figure 20). Patchouli was another essential oil that had lower toxicity 
alone (at 1%) but significantly enhanced the 24-hr mortality of permethrin at 1% 
and 5%; the same effect was observed for 1-hr knockdown (Figure 21). Basil 
essential oil had higher inherent toxicity alone, and there was not a significant 
enhancement effect for 24-hr mortality (Figure 23). However, basil essential oil 
significantly decreased 1-hr knockdown of Ae. aegypti, compared to PBO (Figure 
23). The commercial standard PBO was also examined alone, at 1% and 5%, 
and in combination with permethrin (Figure 24). PBO at 1% was significantly less 
toxic than the discriminating dose of permethrin, but at 5% it displayed similar 
toxicity. Mixing PBO with permethrin at 1% significantly enhanced the 24-hr 
mortality, but this enhancement was not shown when mixing PBO at 5% with 
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permethrin (Figure 24). PBO does not appear to have any effect on the 1-hr 
knockdown against Ae. aegypti (Figure 24). 
Discussion 
The use of naturally occurring compounds to enhance the efficacy of the 
synthetic active ingredient is not new to arthropod pest control; in fact, PBO was 
an analog of a naturally occurring compound found in sesame oil. Additionally, 
safrole, a plant essential oil aromatic monoterpenoid, was the starting material for 
the industrial production of PBO (Tozzi 1999). Other investigators have examined 
biorational ways to enhance the toxicity of synthetic compounds against 
arthropod pests (Belzile et al. 2000, Joffe et al. 2012, Tong and Bloomquist 
2013). Here we describe the effect of several plant essential oils that enhance 
the 24-hr mortality and 1-hr knockdown of permethrin against two important 
mosquito vectors, An. gambiae and Ae. aegypti. Increasing the efficacy of the 
synthetic compound would help in the control of the mosquito vector while using 
less active ingredient. Additionally, enhancing the knockdown of mosquito 
vectors, making them more vulnerable to predation and/or desiccation, may also 
assist in controlling mosquito populations, and therefore, diseases vectored by 
mosquitoes. 
Ideally, a mixture containing a synthetic insecticide with an essential oil 
would have similar efficacy among the two mosquito species tested (An. gambiae 
and Ae. aegypti) along with similar properties extended to other important 
vectors, potentially increasing the success in the mosquito control market. 
However, we report obvious differences between some essential oils tested 
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against the two mosquito species; this is observed for permethrin mixtures with 
essential oils and with PBO. PBO, the commercial synergist standard for 
pyrethroid insecticides, has the ability to enhance the 1-hr knockdown effect seen 
with permethrin against An. gambiae; however, PBO in Ae. aegypti drastically 
decreases permethrin’s 1-hr knockdown, a clear indication of differences 
between mosquito species.  
One surprising outcome of this project was the mediocre efficacy of PBO 
as a synergist for permethrin. In classical insect toxicology research, the 
mechanism of PBO’s synergism was typically studied by pre-treating the insects 
with PBO, to give optimal time for it to inhibit the microsomal monooxygenase 
enzymes that are known to detoxify pyrethroids, including natural pyrethrins and 
permethrin. Comparisons of LD50 values from PBO-pretreated insects with LD50 
values for insects not pretreated with PBO. 
 
In the current study, mosquitoes 
were not pre-treated with PBO, so we did not allow time for PBO to interact with 
specific metabolic detoxifying enzymes before they were challenged with 
permethrin.  The mosquitoes were not pre-treated with plant essential oils in the 
current study. It is important to note that mosquitoes probably would not be pre-
exposed to PBO prior to exposure to permethrin in the field. Future investigations 
could utilize the pre-treatment design to determine if the plant essential oils might 
be acting as classical synergists, i.e. by inhibiting the oxidative detoxification 
enzymes. 
This report focused on the control of adult mosquitoes, but a recent 
rereport described the ability of several essential oils to be active against 
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mosquito larvae. The synergistic activity of a select number of essential oils was 
tested to enhance the activity of carbaryl against Ae. aegypti (Tong and 
Bloomquist 2013). Some of the essential oils tested against Ae. aegypti larvae 
were similar to essential oils we tested against Ae. aegypti adults. For instance, 
Tong and Bloomquist (2013) reported several essential oils that enhanced the 
mortality of carbaryl; from most active to least active, those oils were sandalwood 
oil, black pepper oil, cedar wood oil, amyris oil and sesame oil. Among these 
essential oils we report enhancement by cedar wood (Texas) at 5% against adult 
female Ae. aegypti (Figure 5). However, the other essential oils that Tong and 
Bloomquist (2013) tested did not have the same efficacious effect on adults with 
permethrin. This may indicate that differences between the life stages are 
important considerations and enhancement of different synthetic insecticide 
classes may require different approaches. 
The focus of ongoing and future studies regarding the use of botanical 
compounds to enhance the toxicity of synthetic insecticides should be expanded 
to understand the possible mechanisms of enhancement. Enhancement may be 
possible because of (1) several known mechanisms of neurotoxic action of plant 
essential oils and plant terpenoids in insects. Mechanisms of action investigated 
thus far include inhibition of acetylcholinesterase (Miyazawa et al. 1997, 
Miyazawa and Yamafuji 2005, Picollo et al. 2008, Siramon et al. 2009, Fujiwara 
et al. 2010, Lopez and Pascual-Villalobos 2010), activity at the γ-aminobutyric 
acid (GABAA) receptor (Priestley et al. 2003, Tong and Coats 2010, 2012), 
binding to the nicotinic acetylcholine receptor (Tong et al. 2013), inhibition of the 
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transient receptor potential (TRP) channels (Parnas et al. 2009), activity at 
octopamine receptors (Enan 2001, Kostyukovsky et al. 2002, Enan 2005a, Gross 
2010, Gross et al. 2013) and tyramine receptors (Enan 2005b). (2) An additional 
mechanism of enhancement may include the ability of essential oils to increase 
the penetration of the synthetic compound (permethrin) through the mosquito’s 
cuticle. (3) Enhancement may be related to the inhibition of metabolic enzymes 
such as cytochrome P450 monooxygenases. Recently, several essential oils 
were investigated to determine if they could inhibit metabolic enzymes (Tong and 
Bloomquist 2013). In general, cytochrome P450 monooxygenase activity was 
more sensitive to essential oils than carboxyl esterase activity; however, cedar 
wood essential oil did have an effect on esterase activity (Tong and Bloomquist 
2013).  
It is important to remember that plant essential oils are complex mixtures 
of a variety of compounds, in particular, mixtures of terpenoids and related 
aromatic compounds. Future investigations should investigate the role of 
individual terpenoids and their ability to enhance the efficacy of permethrin. 
Future studies should also investigate enhancement among resistant strains of 
mosquitoes, particularly those resistant to pyrethroid insecticides.  
Identification of different biological responses and the differences in 
physicochemical properties of the terpenoids could be used to develop 
quantitative structure-activity relationships (QSARs), which would be informative 
for future product development. Additionally, terpenoids could serve as a 
backbone for the development of synthetic compounds that may have novel 
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mechanisms of action and increased safety, compared to what is currently in the 
market. 
Acknowledgement and Disclaimer 
Funding for the research presented here was provided by the Deployed War-
Fighter Protection Research Program. A special thanks to our industrial 
collaborator at EcoSMART Technolgies Inc. 
This publication was developed under STAR Fellowship Assistance Agreement 
no. FP917332 awarded by the U.S. Environmental Protection Agency (EPA).  It 
has not been formally reviewed by the EPA.  The views expressed in this 
publication are solely those of the authors, and EPA does not endorse any 
products or commercial services mentioned in this publication. 
Author Contributions 
Two authors were involved in data acquisition Aaron D. Gross (20%) and 
Edmund J. Norris (80%). Analysis of data and data interpretation was performed 
by the following authors Aaron D. Gross (65%), Edmund J. Norris (10%), Lyric C. 
Bartholomay (10%), Michael J. Kimber (5%), and Joel R. Coats (10%). Drafting 
of the manuscript was performed as follows: Aaron D. Gross (95%) and Joel R. 
Coats (5%). Critical review of the manuscript was performed as follows: Aaron D. 
Gross (45%), Edmund J. Norris (5%), Michael J. Kimber (10%) Lyric C. 
Bartholomay (20%), Joel R. Coats (20%). 
References 
Attaran, A., R. Liroff, and R. Maharaj. 2000. Doctoring malaria, badly: the global 
campaign to ban DDT. BMJ 321: 1403-1405. 
106 
 
Belzile, A.-S., S. L. Majerus, C. Podeszfinski, G. Guillet, T. Durst, and J. T. 
Arnason. 2000. Dillapiol derivatives as synergists: Structure-activity 
relationship analysis. Pestic. Biochem. Physiol. 66: 33-40. 
Dias, C., and D. Moraes. 2013. Essential oils and their compounds as Aedes 
aegypti L. (Diptera: Culicidae) larvicides: review. Parasitol. Res. 113: 565-
592. 
Enan, E. 2001. Insecticidal activity of essential oils: octopaminergic sites of 
action. Comp. Biochem. Physiol. C 130: 325-337. 
Enan, E. E. 2005a. Molecular and pharmacological analysis of an octopamine 
receptor from American cockroach and fruit fly in response to plant 
essential oils. Arch. Insect Biochem. Physiol. 59: 161-71. 
Enan, E. E. 2005b. Molecular response of Drosophila melanogaster tyramine 
receptor cascade to plant essential oils. Insect Biochem. Mol. Biol. 35: 
309-321. 
Fujiwara, M., N. Yagi, and M. Miyazawa. 2010. Acetylcholinesterase inhibitory 
activity of volatile oil from Peltophorum dasyrachis Kurz ex Bakar (Yellow 
Batai) and bisabolane-type sesquiterpenoids. J. Agric. Food Chem. 58: 
2824-2829. 
Gross, A. D. 2010. Expression of the Periplaneta americana's α-adrenergic-like 
octopamine receptor in the yeast Saccharomyces cerevisiae: A high-
throughput screening system in search of biorational insecticides, pp. 109, 
M.S. Thesis, Entomology. Iowa State University of Science and 
Technology, Ames. 
Gross, A. D., M. J. Kimber, T. A. Day, P. Ribeiro, and J. R. Coats. 2013. 
Quantitative structure-activity relationships (QSARs) of monoterpenoids at 
an expressed american cockroach octopamine receptor, pp. 97-110. In J. 
J. Beck, J. R. Coats, S. O. Duke and M. E. Koivunen [eds.], Pest 
Management with Natural Products. American Chemical Society. 
Gubler, D. J. 1998. Dengue and dengue demorrhagic fever. Clinc. Microbiol. 
Rev. 11: 480-496. 
Horton, M. K., A. Rundle, D. E. Camann, D. Boyd Barr, V. A. Rauh, and R. M. 
Whyatt. 2011. Impact of prenatal exposure to piperonyl butoxide and 
permethrin on 36-month neurodevelopment. Pediatrics 127: e699-e706. 
Joffe, T., R. V. Gunning, G. R. Allen, M. Kristensen, S. Alptekin, L. M. Field, and 
G. D. Moores. 2012. Investigating the potential of selected natural 
compounds to increase the potency of pyrethrum against houseflies 
Musca domestica (Diptera: Muscidae). Pest Manag. Sci. 68: 178-184. 
107 
 
Kostyukovsky, M., A. Rafaeli, C. Gileadi, N. Demchenko, and E. Shaaya. 2002. 
Activation of octopaminergic receptors by essential oil constituents 
isolated from aromatic plants: possible mode of action against insect 
pests. Pest Manag. Sci. 58: 1101-1106. 
Lopez, M. D., and M. J. Pascual-Villalobos. 2010. Mode of inhibition of 
acetylcholinesterase by monoterpenoids and implications for pest control. 
Ind. Crops Prod. 31: 284-288. 
Matthews, H. B., and J. E. Casida. 1970. Properties of housefly microsomal 
cytochromes in relation to sex, strain, substrate specificity, and apparent 
inhibition and induction by synergist and insecticide chemicals. Life Sci. I 
9: 989-1001. 
Metcalf, R. L. 1967. Mode of action of insecticide synergists. Annu. Rev. 
Entomol. 12: 229-256. 
Miyazawa, M., and C. Yamafuji. 2005. Inhibition of acetylcholinesterase activity 
by bicyclic monoterpenoids. J. Agric. Food Chem. 53: 1765-1768. 
Miyazawa, M., H. Watanabe, and H. Kameoka. 1997. Inhibition of 
acetylcholinesterase activity by monoterpenoids with a p-menthane 
skeleton. J. Agric. Food Chem. 45: 677-679. 
Montefuscoli, A., J. Werdin GonzÃ¡lez, S. Palma, A. Ferrero, and B. FernÃ¡ndez 
Band. 2013. Design and development of aqueous nanoformulations for 
mosquito control. Parasitol. Res. 113: 793-800. 
Parnas, M., M. Peters, D. Dadon, S. Lev, I. Vertkin, I. Slutsky, and B. Minke. 
2009. Carvacrol is a novel inhibitor of Drosophila TRPL and mammalian 
TRPM7 channels. Cell Calcium 45: 300-9. 
Picollo, M. I., A. C. Toloza, G. M. Cueto, J. Zygadlo, and E. Zerba. 2008. 
Anticholinesterase and pediculicidal activities of monoterpenoids. 
Fitoterapia 79: 271-278. 
Priestley, C. M., E. M. Williamson, K. A. Wafford, and D. B. Sattelle. 2003. 
Thymol, a constituent of thyme essential oil, is a positive allosteric 
modulator of human GABA(A) receptors and a homo-oligomeric GABA 
receptor from Drosophila melanogaster. Br. J. Pharmacol. 140: 1363-72. 
Rehman, J. U., A. Ali, and I. A. Khan. 2014. Plant based products: Use and 
development as repellents against mosquitoes: A review. Fitoterapia 95: 
65-74. 
Siramon, P., Y. Ohtani, and H. Ichiura. 2009. Biological performance of 
Eucalyptus camaldulensis leaf oils from Thailand against the subterranean 
termite Coptotermes formosanus Shiraki. J. Wood Sci. 55: 41-46. 
108 
 
Tong, F., and J. R. Coats. 2010. Effects of monoterpenoid insecticides on [3H]-
TBOB binding in house fly GABA receptor and 36Cl- uptake in American 
cockroach ventral nerve cord. Pestic. Biochem. Physiol. 98: 317-324. 
Tong, F., and J. R. Coats. 2012. Quantitative structure–activity relationships of 
monoterpenoid binding activities to the housefly GABA receptor. Pest 
Manag. Sci. 68: 1122-1129. 
Tong, F., and J. R. Bloomquist. 2013. Plant essential oils affect the toxicities of 
carbaryl and permethrin against Aedes aegypti (Diptera: Culicidae). J. 
Med. Entomol. 50: 826-832. 
Tong, F., A. D. Gross, M. C. Dolan, and J. R. Coats. 2013. The phenolic 
monoterpenoid carvacrol inhibits the binding of nicotine to the housefly 
nicotinic acetylcholine receptor. Pest Manag. Sci. 69: 775-80. 
Tozzi, A. 1999. A brief history of the development of piperonyl butoxide as an 
insecticide synergist. Academic Press, San Diego, CA. 
 
  
 Figure 1. Enhancement of 24
gambiae.  This figure shows the enhancement 
of the “enhancer” and a discriminating dose of permethrin against 
An * indicates a statistically 
butoxide (PBO). 
 
 
109 
-hr mortality of a 1% mixture against 
of 24-hr mortality of a 1% mixture 
significant effect when compared to piperonyl 
 
 
An. 
An. gambiae.  
  
Figure 2. Enhancement of 24
gambiae.  This figure shows the enhancement of 
of the “enhancer” and a discriminating dose of permethrin against 
An * indicates a statistical
 
 
110 
-hr mortality of a 5% mixture against 
24-hr mortality of a 5% mixture 
ly significant effect when compared to PBO.
 
 
An. 
An. gambiae.  
 
  
 
Figure 3. Enhancement of 1
gambiae. This figure shows the enhancement 
mixture of the “enhancer” and a discriminating dose of permethr
gambiae.  An * indicates a statistically significant effect when compared to 
piperonyl butoxide (PBO).
 
 
111 
-hr knockdown of a 1% mixture against 
of 1-hr knockdown (KD) of a 1% 
in against 
 
 
 
An. 
An. 
 Figure 4. Enhancement of 1
gambiae. This figure shows the enhancement 
mixture of the “enhancer” and a discriminating dose of permethrin against 
gambiae.  An * indicates a statistically significant effect when compared to 
piperonyl butoxide (PBO).
 
 
 
 
 
 
 
 
112 
-hr knockdown of a 5% mixture against 
of knockdown (KD) of a
 
 
An. 
 5% 
An. 
 Figure  5. Comparing 1
essential oils at 1% against 
  This figure shows the essential oil mixtures that were significantly different from 
the commercial standard PBO, and when the effect was greater than zero 
not decreasing the effect of permethrin).  Black asterisks, above the black bars 
for mortality, indicates that these essential oil mixtures resulted in a significant 
mortality enhancement compared to PBO.  Gray asterisks, above gray bars for 
knockdown, indicate that these essential oil mixtures resulted in a significant 
knockdown enhancement compared to PBO.
 
113 
-hr knockdown and 24-hr mortality of selected 
An. gambiae. 
 
 
 
(i.e. 
 Figure 6. Comparing 1
essential oils at 5% against 
v  This figure shows the 
from the commercial standard PBO, and when the effect was greater than zero 
(i.e. not decreasing the effect of permethrin).  Black asterisks, above black bars 
for mortality, indicate that these essen
mortality enhancement compared to PBO.  Gray asterisks, above gray bars for 
knockdown, indicate that these essential oil mixtures resulted in a significant 
knockdown enhancement compared to PBO.
 
 
114 
-hr knockdown and 24-hr mortality of selected 
An. gambiae. 
essential oil mixtures that were significantly different 
tial oil mixtures resulted in a significant 
  
 
 
  
Figure 7. Effect of amyris essential oil on 1
mortality against An. gambiae. 
hr knockdown (KD) of a discriminating dose of permethrin or amyris essential oil 
alone and in a mixture (essential oil
realized with a different letter above the bar (ANOVA, 
for mortality, while lower case letters are for KD.
 
115 
-hr knockdown and 24
This figure shows the 24-hr mortality and the 1
 at 1% or 5%).  Statistical differences are 
α=0.05). Capital letters are 
 
 
 
-hr 
-
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Figure 9. Effect of clove bud essential oil on 1
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hr knockdown (KD) of a discriminating dose of permethrin or clove bud (CB) 
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Capital letters are for mortality, while lower case letters are for KD.
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Figure 11. Effect of anise essential oil on 1
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Figure 23. Effect of basil essential oil on 1
mortality against Ae. aegypti.
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CHAPTER 5. GENERAL CONCLUSIONS 
The increased concern about the adverse effects, environmental risk, and 
increased resistance decreasing the efficacy of insecticides/acaricides has 
resulted in an interest of identifying safer alternatives to control pests of public 
health and veterinary health concern. This may include the use of biorational 
compounds, such as plant essential oils and essential oil terpenoids, which may 
provide safer alternatives to conventional synthetic insecticides/acaricides. 
Nature provides a significant source of naturally occurring compounds, with a 
diverse set of chemistry with potential to aid in managing arthropods. Botanicals 
have a broad spectrum of activity amongst insect pests and generally have a 
suitable safety ratio for both the user and the environment (Tsao and Coats 
1995, Lee et al. 1997, Isman 2000, 2006).  The data presented in this 
dissertation provides a starting point for the information that is needed to develop 
botanically-based biopesticides. The success of botanical insecticides/acaricides, 
like any other insecticide/acaricide, is dependent on use in an integrative 
approach to controlling pests of both public health and veterinary concern. 
G-protein-coupled receptors (GPCRs) are a widely utilized target by the 
pharmaceutical industry; however, their potential has not been realized by the 
agrochemical industry. Despite the vast knowledge of technologies and 
advancements made by the pharmaceutical industry, GPCRs are only starting to 
be recognized for their potential as pest control targets (Bai and Palli 2012, 
Ejendal et al. 2012, Grimmelikhuijzen and Hauser 2012, Hill et al. 2013). 
Octopamine receptors provide an excellent and specific target for agrochemical 
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development. However, since their identification in 1948 (Erspamer 1948) they 
have only been successfully targeted by a single class of insecticide/acaricide, 
the formamidines (Hashemzadeh et al. 1985). Growing interest in the 
octopaminergic and tyraminergic systems, as pest control targets, has only 
recently been recognized based on studies using plant terpenoids (Enan 2001, 
Kostyukovsky et al. 2002, Enan 2005a, Enan 2005b, Gross 2010, Gross et al. 
2013), which provides the basis for this dissertation. 
The focus of this dissertation was on external parasites that are important 
to veterinary health and public health. The southern cattle tick (Rhipicephalus 
microplus) vectors Babesia spp., which has historically had a significant 
economic effect on the cattle industry. As a result of the importance of the 
southern cattle tick, the United States Department of Agriculture successfully 
eradicated the southern cattle tick from the United States, with the exception of a 
permanent quarantine zone along the Texas-Mexico border. However, as the 
southern cattle tick is endemic to Mexico, reintroduction of the southern cattle 
tick, within the United States, is a continued threat that needs to be addressed.  
The focus of Chapter 2, Chapter 3 and Appendix A is a putative tyramine 
receptor (RmTAR1) from the southern cattle tick that was originally identified in 
Australia in 1999 (Baxter and Barker 1999). Several year later a similar receptor 
open reading frame was identified in tick populations from the Americas (Chen et 
al. 2007). However, neither of these investigators successfully expressed this 
putative tyramine receptor, at that time thought to be an octopamine receptor, to 
confirm the receptor’s ligand. 
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The focus of Chapter 2 was to gain an understanding of the putative 
tyramine receptor. This was performed by expressing the receptor in Chinese 
hamster ovary (CHO) cells. A set of G-protein chimeras were used to identify 
which G-protein interacting domain would successfully couple to the expressed 
receptor. The use of the Gαqi(5) G-protein chimera indicates that the putative 
receptor may normally couple to a Gαi pathway, which has an inhibitory effect on 
adenylate cyclase, and therefore, an inhibitory effect on the production of cAMP; 
this is typical of type-1 tyramine receptors. This information matches a recent 
review that suggested, based on sequence data, that this putative octopamine 
receptor from R. microplus is actually a type-1 tyramine receptor 
(RmTAR1)(Farooqui 2012); these results were confirmed in Chapter 2. 
Concentration-dependent responses show that that the receptor had the 
strongest response to tyramine, versus octopamine. Additionally, RmTAR1 was 
strongly antagonized by yohimbine, which is a recognized tyramine receptor 
antagonist. Interestingly, the amitraz metabolite (BTS-27271) showed activity 
against the activated receptor. It is of interest to determine if RmTAR1 has a 
potential role in amitraz resistance, which has been postulated to be based on 
two point mutations of the RmTAR1 coding sequence (Chen et al. 2007). 
A Drosophila melanogaster tyramine receptor was previously investigated 
as a potential target of botanical insecticides (Enan 2005b). These studies 
indicated that some monoterpenoid compounds, primarily aromatic compounds, 
reduced the basal levels of cAMP, indicative of a Gαi pathway. However, a 
calcium response was also reported, indicating a Gαq pathway (Enan 2005b). I 
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used cells stably transfected with the tyramine receptor, characterized in Chapter 
2, to screen several monoterpenoids, related aromatic compounds and a 
sesquiterpenoid in Chapter 3. Compounds were initially screened for activity to 
activate the receptor alone, or act as an agonist. Pulegone was the only 
terpenoid to successfully act as an agonist. Terpenoids were then screened for 
antagonistic or modulatory effects against RmTAR1, which identified the 
terpenoids carvacrol and isoeugenol, which were active at both 10 µM and 100 
µM, along with cedryl acetate and 1,4-cineole, which were active at 100 µM. 
These results indicate that some terpenoid compounds are able to interact with 
the expressed receptor; however, structural optimization needs to be considered 
in future studies. 
The function of tyramine is not well understood in insects and ticks; 
however, tyramine is gaining more attention, as discussed in Chapter 1. To 
examine the physiological relevance of the southern cattle tick’s tyramine 
receptor I have performed post-transcriptional gene silencing in adult female 
ticks; preliminary data are presented in Appendix A. Preliminary results indicate 
that two of the dsRNA constructs that were injected into ticks resulted in 
moderately high mortality, that is, more than half of the injected ticks died. This 
preliminary result, with the caveat that transcript data is currently being analyzed, 
may indicate that tyramine could be a good lethal target for agrochemical 
development. Additionally, mortality may be related to the changes observed in 
the southern cattle tick’s digestive system in ticks that were injected with dsRNA 
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targeting RmTAR1. Disruption of tick feeding could be significant as a control 
strategy for managing R. microplus. 
Mosquitoes are an important vector of many deadly and debilitating 
diseases worldwide. However, mosquito resistance to a variety of insecticide 
classes complicates their control. Therefore, there is a continued need to identify 
compounds that provide toxicity and repellency to mosquitoes, in addition to 
compounds that can enhance the toxicity of control agents currently on the 
market. This is especially evident in light of the growing concerns of adverse 
health implications of PBO, which is the commercial standard for synergizing 
pyrethroid insecticides. Chapter 4 focused on examining essential oils mixed with 
permethrin at 1% and 5% to either enhance the 1-hr knockdown or the 24-hr 
mortality of two important mosquito vectors, An. gambiae and Ae. aegypti. 
Essential oils that resulted in a significant enhancement of mortality are 
presented in Table 1, for each mosquito species. Essential oils that resulted in a 
significant enhancement of knockdown, for each mosquito species, are 
presented in Table 2. Table 1 and Table 2 show several essential oils that could 
enhance the mosquito toxicity and knockdown more significantly than PBO. 
Essential oils are complex mixtures of terpenoids; identifying individual 
compounds that may be important for enhancing mosquito knockdown and/or 
mortality should be the focus of future studies. 
Botanical products are slowly emerging in the market place due to their 
insecticidal usefulness (Isman 2006).  The mechanisms of action of essential oil 
constituents may be as diverse as their chemical structures.  Here I was able to 
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demonstrate a molecular target for acaricide development (Chapter 2), and to 
identify potential terpenoid compounds that interact with the southern cattle tick’s 
tyramine receptor (Chapter 3). I have started investigations into the 
understanding of the southern cattle tick’s tyramine receptor (Appendix A) and 
finally, I have examined the enhancement of essential oil mixtures against two 
important mosquito vectors (Chapter 4). It appears that essential oil terpenoids 
have multiple mechanisms of action, which may be beneficial and may offer the 
opportunity for different applications. In conclusion, essential oils may be 
significant players in the agrochemical market; however, their potential has not 
yet been fully realized.   
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An. gambiae Ae. aegypti 
Amyris Basil 
Anise Cedar wood (Texas) 
Cassia Clove bud 
Clove bud Geranium 
Guaiac wood Litsea cubeba 
Origanum Origanum 
Patchouli Patchouli 
Table 1. Mortality enhancement of essential oils. 
This table shows the essential oils that enhanced the 
mortality of permethrin significantly compared to PBO 
against two important mosquito vectors. 
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An. gambiae Ae. aegypti 
Amyris Amyris oil 
Catnip Cassia 
Cedar wood (Texas) Cedar leaf 
Cedarwood (Moroccan) Cedar wood (Chinese) 
Clove bud Cedar wood (Moroccan) 
Clove bud Cedar wood (Texas) 
Guaiac wood Cinnamon leaf 
Origanum Clove bud 
Patchouli Geranium 
Peppermint Litsea cubeba 
  Lemongrass 
  Nutmeg 
 Orange 
 Origanum 
 Parsley seed 
 Patchouli 
 Sandal wood 
 Sassafras 
 Thyme 
 Wormwood 
Table 2. Knockdown enhancement of essential oils. 
This table shows essential oil mixtures with permethrin 
that significantly enhanced permethrin’s knockdown 
effect compared to PBO against two mosquito species. 
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APPENDIX A. Post-transcriptional gene silencing of the 
southern cattle tick’s (Rhipicephalus microplus) type-1 tyramine 
receptor and putative γ-aminobutyric acid-A (GABAA) receptor. 
Introduction 
The following describes preliminary results from on-going studies focusing 
on the southern cattle tick’s type-1 tyramine receptor (Chapter 2 and Chapter 3) 
along with a γ-aminobutyric acid type-A (GABAA) receptor in adult female ticks. 
Tyramine is a biogenic monoamine that is the rate-limiting step in the 
biosynthetic pathway of a chemically similar biogenic amine, octopamine. 
Tyramine, like octopamine, is believed to act as a neurotransmitter, 
neuromodulator and neurohormone in various invertebrate tissues by activating 
G-protein-coupled receptors (GPCRs) (Roeder et al. 2003, Roeder 2005, 
Verlinden et al. 2010, Farooqui 2012). A tyramine receptor (RmTAR1), originally 
thought to be an octopamine receptor, has been identified from the southern 
cattle tick, Rhipicephalus microplus (Baxter and Barker 1999, Chen et al. 2007), 
which was described in Chapter 2 and Chapter 3. The physiological functions of 
tyramine receptors are not well understood in ticks. γ-Aminobutyric acid (GABA) 
is an inhibitory neurotransmitter found in a variety of vertebrate and invertebrate 
tissues. The GABAA receptor is a chloride channel; its activation results in 
hyperpolarization of the neuron. The GABAA receptor is the target of a variety of 
chemical insecticides and acaricides (Casida and Durkin 2013). 
The use of small interfering RNA (siRNA) to silence gene targets is 
commonly used to characterize both known and unknown gene targets in insects 
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and ticks. This technique is relatively new to ticks, and little is known about the 
tick RNAi pathway and dsRNA uptake; this is further complicated by the lack of a 
published genome for R. microplus. A recent review has discussed the potential 
utilization of RNAi in ticks (Karim 2012). The use of long dsRNA (594 bp) in R. 
microplus resulted in the down-regulation and up-regulation of several off-target 
genes; off-target effects were reduced by using smaller dsRNA (100-200 bp) and 
short hairpin RNAs (Lew-Tabor et al. 2011).  
Dual-luciferase reporter systems are commonly used, primarily in and for 
mammalian systems, to screen candidate dsRNA gene silencing constructs, and 
as a result several commercial dual-luciferase kits are available. However, 
collaborators at the USDA-ARS Knipling-Bushland United States Livestock 
Insects Research Laboratory (KBUSLIRL), Kerrville, TX have shown that 
Promega’s Dual-Luciferase Assay Kit is not amenable to the tick cell line BME26 
(unpublished data). USDA-ARS KBUSLIRL developed a dual-luciferase assay, 
based on Promega’s Dual-Luciferase Assay Kit, using a tick promoter 
(publication in progress). The R. microplus constitutively expressed ribosomal 
protein L4 (rpL4) promoter was successfully used to drive the expression of an 
engineered crustacean luciferase (NanoLuc). Additionally, the firefly, Photinus 
pyralis, luciferase (FLuc) did not need a tick-specific promoter; FLuc was driven 
with the constitutive human phosphoglycerate kinase (PGK) promoter. 
This study was undertaken (1) to validate an in vitro screening system to 
identify suitable double-stranded RNA (dsRNA) constructs to be used for in vivo 
RNAi studies, and (2) to explore the physiological significance of the tyramine 
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receptor in the southern cattle tick and validation of the receptor as a potential 
acaricide target. 
Materials and Methods 
dsRNA Preparation 
Gene silencing was used to silence two targets in the southern cattle tick, 
the RmTAR-1 and the putative GABAA receptor (RmGABAA). dsRNA constructs 
for each of the target genes was prepared using the T7RiboMAXTM Express 
RNAi System (Promega, Madison, WI). dsRNA constructs were developed to 
target four regions of RmTAR1 and RmGABAA. RmTAR1 dsRNA was developed 
to target nucleotides 184-361 (TYR 184-361), 434-632 (TYR 434-632), 690-817 
(TYR 690-817) and 844-971 (TYR 844-971). RmGABAA dsRNA was prepared for 
nucleotides 62-205 (GABA 62-205), 434-563 (GABA 434-563), 1017-1199 
(GABA 1017-1199) and 1308-1437 (GABA 1308-1437). 
Dual-Luciferase Assay in vitro RNAi of RmTAR1 
A dual-luciferase assay was used to examine the efficacy of dsRNA 
constructs for the RmTAR1 coding sequence. In a dual-luciferase reporter assay 
one luciferase (FLuc) is transcribed on the same transcript as the target 
sequence (RmTAR1). The FLuc was driven by the human phosphoglycerate 
kinase promoter (PGK), and the target sequence (RmTAR1) was inserted as the 
3`-untranslated region immediately following FLuc coding sequence. The 
normalization control luciferase, a synthetic derivative of the crustacean 
luciferase (NanoLuc), was driven by R. microplus ribosomal protein L4 (rpL4). 
This modified dual-luciferase assay was tested in a heterogeneous R. microplus 
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embryonic cell line, BME26; cells were cultured according to established 
protocols (Esteves et al. 2008). The dual-luciferase assay was performed with 
Dual-Glo® Luciferase Assay System and Nano-Glo® Luciferase Assay System 
(Promega), according to the manufacturer’s protocols. Briefly, 150 ng of each 
dual luciferase plasmid were used per well, dsRNA constructs were added to 
each well (50 ng). Plasmids and dsRNA were transfected into BME26 cells, using 
the general chemical transfection protocol for Effectine Transfection Reagent ® 
(Qiagen, Valencia, CA); BME26 cells were seeded at a density of 2.2 x 105 cells 
per well with 100 µL of cell growth medium. Five days post-transfection the dual-
luciferase assays were performed. Luminescence was measured for each of the 
luciferases and treatment groups. The ratio of luminescence of FLuc and 
NanoLuc was determined, which is an indication of the efficacy of gene silencing 
by dsRNA constructs. Two controls were performed, a positive control 
(promoter), which consisted of an empty vector (RmTAR1 not inserted into the 
FLuc plasmid) and a negative control using a dsRNA construct that targeted a 
luciferase not used in this assay. 
In vivo Gene Silencing 
Adult female ticks were injected with approximately 1 µg of dsRNA (300 
nL) between the second and third coxa into the tick’s hemocoel. Fifteen female 
ticks were injected with dsRNA, and the treatments were replicated three times 
utilizing ticks on three different calves. dsRNA was delivered using glass capillary 
needles mounted on a Hamilton gas-tight 10 µL syringe with a motorized 
positive-pressure displacement apparatus. Control ticks included a non-injected 
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control, ticks injected with phosphate buffered saline (PBS) and ticks injected 
with a non-target dsRNA coding for a luciferase. Fifteen injected female ticks 
were placed in stockinettes, glued to the back of calves, along with approximately 
10 non-injected males. Female ticks were checked to make sure they attached to 
the host cattle within 24 hr. After 72 hr three female ticks were removed for each 
treatment, and ticks were dissected to remove the synganglion, salivary glands, 
Malpighian tubules and midgut; these tissues were placed in RNAlater (Ambion) 
according to manufacturer’s protocol. Tick tissues were collected for evaluating 
transcript levels using TaqMan quantitative PCR (studies are ongoing and not 
presented here). Phenotypic changes were monitored during dissection. Ticks 
that were not removed for dissection were left on the cattle until they (1) died or 
(2) became engorged and were held to complete their life-cycle. Phenotypic 
differences of un-dissected ticks were monitored for the following phenotypes: 
mortality, engorgement time, engorged weight, egg mass, and egg hatch (data 
collection is ongoing and not presented here). 
Results and Discussion 
Dual-Luciferase assay 
 Four dsRNA constructs targeting RmTAR1 coding sequences were 
examined using a dual-luciferase assay to identify which dsRNA construct may 
result in more efficacious in vivo gene silencing, which would aid in validating a 
recently developed dual-luciferase assay for R. microplus (publication in 
progress). In addition to the four dsRNA constructs for each gene, two controls 
were examined: a plasmid not containing the coding sequence for RmTAR1 
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(promoter) and non-target dsRNA (CTL dsRNA). The efficacy of the four dsRNA 
constructs, which targeted different portions of the RmTAR1 coding sequence, 
varied between constructs (Figure 1). A dsRNA targeting nucleotides 184-361 
(TYR 184-361) of RmTAR1 was the only construct that was statistically 
significantly different from both of the controls in the dual-luciferase assay (Figure 
1). The dsRNA construct targeting nucleotide 690-817 of RmTAR1 (TYR 690-
817) was statistically significantly different from the CTL dsRNA but not from the 
promoter. Finally, two dsRNA constructs, which were numerically lower than the 
negative control but were not statistically significantly different from either of the 
negative controls, include dsRNA constructs targeting nucleotides 434-632 (TYR 
434-632) and 844-971 (TYR 844-971) of RmTAR1 (Figure 1). These results 
indicate that the dual-luciferase assay has projected that dsRNA184-361 may 
provide the best in vivo results.  
In vivo gene silencing in R. microplus 
To validate the in vitro dual-luciferase assay, the four dsRNA constructs 
were injected into adult female R. microplus ticks. Additionally, in vivo studies 
were performed to understand the physiological relevance of RmTAR1, in 
addition to, validating RmTAR1 as a potential target for tick control. To examine 
in vivo effects, ticks were injected with dsRNA targeting the four portions of the 
RmTAR1 coding sequence studies in vivo (TYR 184-361, TYR 434-632, TYR 
690-817, TYR 844-971). Additionally, three negative controls were performed to 
ensure that tick injection was not lethal (un-injected), PBS was injected to 
examine the effects of the vehicle and examination of non-targeted dsRNA 
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(control dsRNA). Non-injected ticks, PBS-injected ticks and control dsRNA-
injected ticks resulted in tick mortality at 4 ± 4%, 8 ± 5% and 15 ± 8%, 
respectively (Figure 2). Mortality of the dsRNA targeting various portions of 
RmTAR1 coding sequence resulted in higher mortalities, compared to the 
control. TYR 184-361, TYR 434-632, TYR 690-817 and TYR 844-971 mortality 
was 60 ± 14%, 46 ± 21%, 78 ± 12% and 37 ± 9%, respectively. dsRNA 
constructs TYR 184-361 and TYR 690-817 were the only two constructs that 
resulted in statistically significantly higher mortality compared to all three 
negative controls (Figure 2). dsRNA TYR434-632 was statistically significantly 
different from only the un-injected tick control, while TYR 844-971 resulted in 
numerically higher mortality compared to all three negative controls, it was not 
statistically different (Figure 2).  
The objective of the present study was to compare the effects of RmTAR1 
dsRNA constructs in the in vitro dual-luciferase assay to effects obtained with 
RmTAR1 dsRNA constructs which were injected into ticks (Figure 3). dsRNA 
TYR 184-361 and TYR 690-817, which had the most significant effects in vitro, 
also resulted in the highest mortality (numerically) in vivo. Additionally, the two 
dsRNA constructs that did not perform as well in the dual-luciferase assay also 
did not have the highest numeric mortality in the in vivo studies examining 
mortality.  
Three ticks were dissected to obtain several organs (synganglia (brain), 
salivary glands, Malpighian tubules and midgut); during dissection phenotypic 
differences were observed in ticks that were injected with dsRNA targeting 
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RmTAR1. Specifically, TYR 184-361 resulted in an obvious difference in the 
tick’s midgut and Malpighian tubules (Figure 4). The Malpighian tubules are 
normally solid white filled with guanine crystals. Additionally, the midgut is 
composed of tightly packed digestive products (probably red blood cells from the 
blood meal).  However, ticks injected with dsRNA targeting RmTAR1 (TYR 184-
361) have a midgut containing dispersed aggregates of material, and the 
Malpighian tubules are clear in some locations (Figure 4). These results indicate 
that the midgut and Malpighian tubules are affected by injection of dsRNA 
targeting RmTAR1 (knockdown of RmTAR1 is currently being analyzed). 
In addition to RmTAR1, R. microplus was injected with dsRNA constructs 
that targeted various locations of R. microplus’ GABAA receptor. Similar to 
RmTAR1, GABAA resulted in various levels of mortality based on the injected 
dsRNA construct (Figure 5). dsRNA constructs targeting nucleotides 434-563 
(GABA 434-563), 1017-1199 (GABA 1017-1199) and 1308-1437 (GABA 1308-
1437) of the putative RmGABAA open reading frame resulted in significantly 
higher mortality compared to the three controls (Figure 5). The only dsRNA that 
did not have a significant effect was a dsRNA construct targeting nucleotides 62-
208 (GABA 62-205) of the open reading frame (Figure 5). In addition to mortality, 
other phenotypic differences were noted, which included spotting in the midgut, 
similar to RmTAR1, but does not appear to be as significant. However, the 
Malpighian tubules are swollen, compared to controls and RmTAR1 dsRNA- 
injected ticks, as shown in Figure 6. Additionally, ticks injected with dsRNA 
targeting the RmGABAA receptor, specifically GABA 434-563, resulted in a 
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change of tick appearance; ticks appeared orange. This is probably due to the 
swollen Malpighian tubules, which contain white guanine crystals, giving the 
scutum a lighter appearance. Similar to RmTAR1, RmGABAA dsRNA had effects 
within the tick’s digestive system that were different than those observed, based 
on gross-dissection, from RmTAR1. 
On-going studies 
As previously mentioned ticks were dissected to obtain various organs 
(synganglia, salivary glands, Malpighian tubules and midgut). The purpose of this 
was to obtain transcript levels of both the RmTAR1 and the RmGABAA receptor 
in control ticks and treated ticks. A significant caveat to this current work is that 
studies are still ongoing to examine the transcript levels in the treated ticks. In 
addition to transcript levels, additional phenotypic data are currently being 
collected. The phenotypic data include the time for the tick to become engorged, 
tick engorgement weight, the dsRNA injected ticks’ ability to lay eggs, the mass 
of the eggs, and the survivability or emergence of the next generation of tick 
larvae. The dual-luciferase assay is currently being performed with dsRNA 
constructs targeting RmGABAA receptor; these constructs are showing cytotoxic 
effects to the tick cell line, which may have a negative consequence on the 
results. 
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Figure 1. Efficiency of dsRNA constructs for silencing RmTAR1.
constructs were measured 
of different dsRNA constructs for silencing the tyramine receptor. FLuc/NanoLuc 
ratio (Y-axis) indicates effects of the dsRNA constructs.  Different letters indicate 
a significant difference (one
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in vitro (tick cell line BME26) to determine the efficacy 
-way ANOVA, α=0.05). 
 
 
 The dsRNA 
 Figure 2. Mortality of dsRNA targeting RmTAR1.
constructs, which were previously examined in the 
injected into ticks. Four dsRNA constructs, correlated to different segments of the 
RmTAR1 gene, where injected. Additionally, three controls were performed (1) 
ticks not injected (non-injected control), ticks injected with pho
saline (PBS), and ticks injected with a control dsRNA (not found in ticks).
Different letters indicate a significant difference (one
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 Figure 3. Comparison of 
Comparing the dual-luciferase results (grey bar, left Y
tick mortality (line, right Y
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in vivo and in vitro assay for silencing of RmTAR1. 
-axis) with the adult female 
-axis). 
 
 
 Figure 4. Tick dissection of PBS injected and dsRNA for RmTAR1.
images of the digestive system of 
(control). (C, D) images of the digestive system of 
with dsRNA (construct targeting nucleotides 184
at the Malpighian tubules while the grey arrows are pointing at the tick’s midg
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Figure 5--6. Tick mortality of dsRNA targeting 
receptor. Injection of four dsRNA constructs correlated to different segments of 
RmGABAA coding sequence. Additionally, three controls were performed (1) ticks 
not injected (non-injected control), ticks injected with phosphate buffered saline 
(PBS), and ticks injected with a control dsRNA (not found in ticks).
letters indicate a significant difference (one
 
158 
R. microplus GABA
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 Figure 6. Tick dissection of PBS injected and 
receptor. (A, B) images of the digestive system of 
with PBS (control). (C) image of the digestive system of 
injected with dsRNA (construct targeting nucleotides 434
pointing at the swollen malpighian tubules while the grey arrows are pointing at 
the tick’s midgut. (D) tick without swollen malpighian tubules. (E) tick injected 
with dsRNA targeting GABA
discoloration of the scutum is visible.
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